
0 

MODEL CONTRACT NO. DATE CONTRACT REQUIREMENTS CONTRACT ITEM 

Exhibit E, P a m -  5.1 13 UM !VAS '+11.W 14 Jar_ 63 

type 11 Prim. 663 

c J CODE 26512 

&- 
PREPARED BY: * 
R. Cateiaro 

CHECKED BY: 

APPROVED BY: 
E. S t e r :  

1 I I 
This document contains information aff 
the meaning of the Espionage Laws, Ti 
revelation of which in any manner to 

a1 defenw of the United States, within 
tions 793 and 734, the transmission or 

rson is prohibited by law. . WED AT GR 
3 S; DECLASSIFIED 
AF 

* See P. VIII fcr ack:wwledg?-.e:-t,s 

ENC. 345 G R U M M A  N A I R C  R A  F f E N G l  NE E R I  N G ,  C O U P O R A  I I O N  



EMG 7 3  

PREFACE 

This report presents the results of the redirected "automatic 
LEM mission'' study defined in references 3 and 7. 
for this effort differ markedly from those used for the original 
study of completely automatic LEM. The revised ground rules allow 
the crew to perform those functions which, as indicated i3 the 
results of the initial study (Ref. 9), would cause svhstantial in- 
creases in LEN weight and complexity if automatized. These 
functions include, for example, the switching required to activate 
and shutdown systems and the alignment of the inertial eqbipmect 
which involves optical sightings and insertions of initial coc- 
ditions into the computer, 

The gro-md rules 
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ABSTRACT 

This report is intended to satisfy the requirements for the 
axtoEatic LEM study. 
requirements of Item C-3 of LEM Engineering Memo L250-MO3-2 by C. W. 
Rathke, entitled "Technical Priority Efforts, Prime Responsibility for:. 
This memo expressed the results of an agreement between GAEC and NASA 
on the LEM work effort. 
wder the revised groud rules referred to in the preface. 

This study was ilndertaken in accordance with the 

The study covered in this report was performed 

The study briefly investigates the automation of the complete lunar 
descent from the standpoint cf the two sets of ground rules proposed. 
i.e., Completely autonatic vs. crew participation but completely auto- 
matic vehicle attitude and trajectory control. The study then focuses 
or the a-atomation cf the hover to touchdown maneuver. The report in- 
vestigates in detail the suitability of the application of specific 
guidance laws as applied to this maDeuver, and its impact on LEN hard- 
ware. It is immediately determined that change in hardware is minimal 
m d  that the major problem is to deternine guidance laws which will 
produce successful trajectories under a wide range of hover and target 
point conditions. Two laws are stlJdied for this application. They are 
the Proportional Line of Sight Navigation Law and the Polynomial Law. 
The Proportional Law is studied in great detail and a Modified Pro- 
portiol?al Law is introduced, because it was found that the &sic Pro- 
pc?~ioilal Law did not satisfy the zero initial hover velocity require- 
ment. In addition the Basic Law had associated with it only a limited 
Fange of hover velocity conditions which would produce successful 
landings (as defined in Section 2.3.2)  with good visibility. 
concliided that the Modified Proportional Law produces successful tra- 
jectories under a wide range of hover and target range point conditions 
and could well be applied to the automatic hover to touchdown maneuver. 
Although the Polynomial Law produces suitable trajectory shapes and 
terminal conditions, it appears that some improvement could be made by 
removal of the oscillatory attitude response which exists in the first 
half of the trajectory. 

It is 
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This report  represents  a de ta i led  descr ipt ion of the  adaptat ios  
of the PropGrtional Navigatioln Line of SigkT (LOS) Guidance Law f o r  
use 12 t h e  a2ctczma5ic hover 50 t o x 5 d o m  maneuver, The iz fcrmat ic i  
o.qtai2ed from t h e  study o f  t h i s  l a w  above was sufficiel?t  t o  dernozstrate 
t k e  f e a s i j i l i t y  and equipment requirenents f o r  t h e  automatic missio-n 
study. 
nomial Guidance Law developed a t  GAEC. 
yeqaire3 f o r  completion o f  the e f f o r t  03 t h e  Poly=-omial Law, it was 
no5 planned t o  discuss t h i s  l a w  as applied t o  t h e  automatic ma~Lemer.  
However j u s t  as  t h e  rought draft  of t h i s  report  w a s  completed f r j i t f u l  
r e s u l t s  were obtained f o r  the Polynomial Law and a memo s - m a r i z i i g  
5hese r e s a l t s  w a s  publ’ished (LMO-50G-110, Ref 16) ., S i x e  +.he meno 
cg t k e  Polynomial Law i s  adequately descr ip t ive  a i d  it w a s  n o t  desired 
t@ ?old up t h e  issuance of t h i s  report ,  it w a s  f e l t  t h a t  it wodd be 
adeqxate t o  use t h a t  memo as a r e f e r e m e  o d y .  A-i in t rcductory des- 
c r ip t ion  of the  Palp-omial Law w a s  however i ic ldded as SectioQ fo7-n of  
t h i s  report  50 supplement the LM3-5OC-110. The refereiced memo indi- 
cates  t h a t  the  automatic hover-to-to-ichdowr? phase wo-:.ld be f e a s i b l e  
with the Polynomial Law a s  octl ined. This coiclusion was reached a f t e r  
successful touchdown conditions were obtained on several  t ra jecbory 
runs f o r  various values o f  N and K (guidarce l a w  constants) ,  
t y p i c a l  t r a j e c t o r i e s  a r e  shown i n  t h e  referenced memo f o r  various gain 
constants. ID addi t ion successful touchdown conditions a r e  indicated 
f o r  a wide range o f  t r a j e c t o r i e s .  However p i t c h  a t t i t u d e  p r o f i l e s  as 
a function of t i m e  ind ica te  t h a t  r a t h e r  o s c i l l a t o r y  a t t i t u d e  moticris 
are produced by t h e  Polynomial Law f o r  t h e  f i r s t  half  of t h e  maneuver 
t e f o r e  a t t i t u d e  s e t t l i n g  OCCY-FS. P i tch  r a t e s  a r e  i n  +,he v i c i n i t y  of 
lG‘/sec. which a r e  on t h e  borderline of acceptab i l i ty  from t h e  crew 
s y s t a s  viewpoi2t. The memo a l s o  determined t h a t  an X C  c o q x t a t i o n  
r a t e  of 2 samples per  second g iJes  s - i f f i c i e n t l y  frequent data f c r  use 
by t r e  Pclynomial Law. 

However, i n  addition some work h a s  been performed 02 t h e  Poly- 
Dde t o  t h e  amour,t of time s t i l l  

Some 

Included i n  MC- 5 O O - l l O  are t k e  s ta te  e r r o r s  a t  touchdowr, which 
wculd r e s u l t  from t h e  introductiGn of guidance sys tem er rors  a:?d i n i t i a l  
conditio2 m c e s t a i n t i e s  . The p l o t s  show t h a t  lmder reaso2able c o c d i t i o x  
of component and i 2 i t i a l  e r rors , sa t i s fac tory  terminal conditions a r e  
a t  tai?;al;le 

A s  ixdica3ed previously, t h e  mat.; body of t h i s  report  eoncentra-Les 
CY C,’-e implicatio2s of  the  cse cf  t h e  Prcpor:ional Xavigatinr Law f(>S 
t h e  adtomatic hover-to-touchdom rllare’-cJer. This report  concludes 
t k a t  m i y - i m a l  changes t o  LEM basic desigx wcluld be reqLired si?ce most 
f-zictic-s which would >e required fcr a mamed 3c.t autcmatic hover t o  
tcuch30Wtl zna”eu-bTer already exis? i n  t h e  LEM. This i s  true prcviaed 
that mcr-itoring, switching acd navigation aid g j i d a x e  aligz7me-t 
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funct ions are performed by t h e  crew. 
guidance and control  of t h e  vehicle  f o r  t h e  hover t o  touchdown maneuver 
may be performed e s s e n t i a l l y  without t h e  further addi t ion  of equipment. 
However, it should be pointed out t h a t  changes i n  the computer program 
may be required t o  i n s e r t  t h e  guidance l a w  equations, and t o  ad jus t  t h e  
Propor t io ia l  Guidance Law gain constants for t h e  ex i s t ing  conditions a t  
hover ( t a r g e t  range, LEM hover veloci ty ,  e t c . ) .  Se lec t ion  of t h e  
l.azding point  by w e  of an ex i s t ing  LEM r e t i c l e  may possibly be per- 
formed, but since t h i s  hardware and function i s  not ye t  defined, judge- 
ment on i t s  app l i cab i l i t y  must be deferred.  

Therefore nominally automatic 

F i r s t ,  t he  cons t ra in ts  imposed on t h e  t r a j e c t o r y  during descent 
and a t  touchdown are discussed. Then l a t e r ,  t h e  r e s u l t s  of t h e  appl i -  
ca t ion  of t h e  law ( i n  t h e  form of t r a j e c t o r y  da t a  obtained from computer 
simulation runs) a r e  compared t o  these  cons t r a in t s  t o  determine t h e  
degree of  success of  t h e  guid.ance l a w  used. 
clude t h e  vehicle a t t i t u d e  and a t t i t x d e  r a t e s  f o r  the complete t r a j ec to ry .  
1:i addition, landing poin t  and horizon v i s i b i l i t y  i s  considered. Touch- 
down ve loc i t i e s  and a t t i t u d e  Conditions a r e  a l so  considered i n  t h e  
evaluation of the l a w .  

Constraints  discussed in- 

The theory of t h e  Basic Proportional Law i s  discussed and i t s  major 
l imi t a t ion  delineated. This l imi t a t ion  concerns the  i n a b i l i t y  t o  gene- 
r a t e  guidance commands i f  t h e  vehicle  ve loc i ty  i s  zero a t  hover. This 
drawback i s  overcome by modifying t h e  Proport ional  Law t o  include 
acce lera t ion  commands i n  t k  gravi ty  term. It i s  pointed out t h a t  t h i s  
modification tends t o  make t h e  Basic Law more adaptive t o  i n i t i a l  
ve loc i ty  conditions s ince  t h e  modification term i s  made a funct ion of  
i n i t i a l  veloci ty .  

In  order  t o  understand t h e  e f f e c t s  or, t h e  t r a j ec to ry ,  t h e  gain con- 
s t a n t s  i n  t h e  Basic Proportional Law a r e  discussed i n  considerable de- 
t a i l .  The bomds on t h e  constants a r e  indicated and t h e  expected e f f e c t  
of  t h e i r  var ia t ions  on t h e  t r a j e c t o r y  time, shape, AV consummed, max. 
vehicle  a t t i t u d e  of f  v e r t i c a l ,  and in t e rac t ion  with i n i t i a l  ve loc i ty  
a r e  iad ica ted .  Final ly ,  da ta  i s  presented which summarizes t h e  r e s u l t s  
of  coEputer simulation runs employing t h e  Basic Proport ional  Law. This 
da ta  i s  show- t o  follow t h e  t h e o r e t i c a l l y  expected p a t t e r n  and sheds 
fu r the r  l i g h t  on t h e  more complex re la t ionships  involved. An a l t e r n a t i v e  
implementation of t he  Basic Guidance Law i s  discussed which involves 
t h e  concept of changing guidance l a w  gain constants  t o  best f i t  vehicle  
i n i t i a l  conditions t o  t h e  required cons t ra in ts .  For example, K gain 
( a  Proportional Law gain constant)  may be var ied with i n i t i a l  ve loc i ty  
and LEM dis tance t o  t a r g e t  t o  optimize AV consumption, touchdown 
angular ve loc i ty  and a t t i t u d e .  

There i s  a f a i r  range of successful t r a j e c t o r i e s  ava i lab le  i f  t h e  
proper value of t h e  K gain i s  chosen f o r  each set of i n i t i a l  conditions.  
However, v i s i b i l i t y  exhibi ted by t h e  Basic Proport ional  Law t r a j e c t o r i e s  
i s  not good a t  t h e  higher i n i t i a l  v e l o c i t i e s  and f o r  c lose  range t a r g e t s .  
12 addi t ion  the AV budget i s  exceeded if i n i t i a l  v e l o c i t y  i s  too low 
i n  r e l a t i o n  t o  t a r g e t  ra_rlge. 
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A discussion on the results of computer runs employing the 
Modified Proportional Law is presented. The effects of varying the 
values of initial conditions with system gains on miss distance, Ai', 
pitch attitude and touchdown pitch rates and attitude are also pre- 
serted. The Modified Proportional Law is shown to exhibit superior 
l o w  hover approach velocity characteristics consuming less A V  than 
the Basic Proportional Law. In addition it is shown that visibility 
is imprGved by use of the Modified Law for closer range targets and 
higher hover velocities. It was found that the number of acceptable 
trajectories obtainable by use of the Modified Law is increased over 
that obtained by the Basic Law with the same initial conditions. It 
is felt that sufficient flexibility exists in the Modified Law to 
enable its successful application to the automatic hover to touchdown 
mareuver . 
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The Systems Analysis and Integration Section was given the 
responsibility of responding for GAEC to the contractual requirement on 
performance of the Autcmatic Mission Study. As a result SystemsAnalysis 
o-ztlined a study plar, which was to be followed and submitted this in the 
form of a study request to the Dynamic Analysis Group at GAEC (Ref. 7). 

At this time it is appropriate to give credit to the individuals 
who performed the analysis and were responsible for performance of com- 
puter runs. The informatior,, results and conclusions presented here 
bere based largely on the results of their work effort. 
ars given as follows: 
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1.0 INTRODUCTION 

The purpose of this study is to determine the impact on ,the 
LEM design resulting from a requirement for an automatic mission, 
with the LEM automated to a degree consistent with the ground 
rules listed below. In particular, the purpose of the study is 
to identify those changes in LEM equipment configurations and 
performance requirements that are necessary to provide an auto- 
metic mission capability. 

All descent phases of the mission are examined briefly. 
However, because the automation of the nominally manual, hover to 
touchdown phase produces the most significant change in the LEM 
design, the study is essentially devoted to only this phase of 
the mission. 
most emphasis are those concerned with navigation, guidance, and 
flight control, including the crew participation in these operations 

The aspects of the LEM system which receive the 

2.0 

2.1 GROUND RULES 

(1) The automatic mission shall be considered to be a possible 
mode of operation for the basic manned lunar landing mission. 

( 2 )  The automatic function shall be achieved by utilizing the 
existing LF,M configuration and flight plan where reasonable 
and practical. The change made will be modifications or 
additions to existing LEM equipment. 

( 3 )  The automatic LEM missioi begins in lunar orbit prior to 
LEM-CSM separation and ends, for the purposes of this study, 
at touchdown on the lunar surface. 

(4) Except for vehicle handling, the crew is allowed to perform 
functions that contribute to the operation of the LEM, such 
as : 

a) manual IMU and bachp guidance equipment alignment in 
orbit prior to descent. 

b) manual insertion of initial conditions into guidance 
computer 

c) 

d) 

monitoring of automatic Guidance & Control equipment opera- 
tion. 
manual switchiig for system activation and shutdow;! and 
override functions as required 

2.2 AUTOMATION REQUIREMENTS FOR NOMIHAL MISSION 

The functions performed during the nominal mission are 
listed in Table I with their present means of implementation, 
either mar?.ual or automatic. Also shown in the table are the 
nominally manual functions which require automation according 
to the original ground rules for a completely automatic LEM, 
and the revised growd rules listed above. 
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The salient points that are demonstrated in Table I may 
be summarized as follows: 

(1) 

( 2 )  

Many of the functions required during the nominal mission 
are normally automatic. 
The revised ground rules of - this study allow the crew to 
perform most of the manual functions which, if automatized, 
would require the addition of significant weight and com- 
plexity to the LEM system. In particular, utilization of 
the crew avoids the addition of: 
- an automatic star tracker and possibly a star pattern 
recognitio3 device for IMU alignment. 

- equipment to provide for a remote surveillance of the 
landing area. 

- equipment to implement the normally manual switching, 
systems activation and shutdown, data insertion, and 
monitoring functions. 

Therefore, need for additional' equipment under the ground 
rules which allow use of the crew will be negligible. 

The major problem area that remains is the automation of the 
hover to touchdown phase of the mission. 

( 3 )  

2.3 AUTOMATION OF HOVER To TOUCHDOWN PHASE 

2.3.1 General 

Studies of the hover to touchdown operations involve in- 
vestigation and development of suitable guidance laws, the 
evaluation of these laws with respect to satisfying the constraints 
of the problem azd to being compatible with the flight control 
system, and the analysis of the sensitivity of these laws to 
guidance system component errors and initial conditions. To in- 
vestigate the control system aspects, a simpler model of the FCS 
was included in the Proportional Navigation Law studies; and a 
more comprehensive model of the FCS is included in the Polynomial 
Guidance Law studies. 

In the following sections, a typical guidance law that was 
studied for the hover to touchdown application is discussed in 
detail. This law is the Proportional Navigation Line of Sight 
Law. A modificatioE to this law that improves its effectiveness 
for the hover to touchdown application is also discussed. The 
design and mechanization of the laws are discussed and their 
effectivezess i3 the hover to touchdown application is evaluated 
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2.3.2 Constraints 

The following more important constraints have been 
selected (or dictated by LEM Design) for use in defining and 
obtaining acceptable hover to landing guidance law trajectories 
(also see Ref. 8). 

(a) Daring Descent 

1. Attitude and attitude rate limits -- The LEM thrust 
axis should be contained within k3O" of the local 
vertical. The maximum pitch attitude rates shall have 
peaks during descent of less than lO"/sec. 
during most of the descent, rates should be well below 
the peak limit. 

Visibility -- Due to the fact that the vehicle will be 
manned, it is considered most desireable to have the 
landing sight and horizon in view for the complete 
hover to touchdown maneuver. However, l o s s  of landing 
sight and horizon for short intervals of time is 
acceptable. 

directions shall be obtained by orienting the main 
engine thrust vector via attitude changes. 

Hover may start at altitudes as high as 1000 ft. with 
a zero vertical velocity and some horizontal velocity 
less than 100 ft/sec in the direction of the landing 
point. 

However, 

2. 

3. The required components of thrust in the inertial 

4. 

(b) At Touchdown 

1. Touchdown Velocities 
3orizomtal - max. f 5  rt/sec 
Vertical - max. 10 ft/sec (down only) 

2. Attitude rates at touchdown - max. +5"/sec 
3. 

see plus the horizontal velocity at hover. 

4. Attitude at touchdown - max. f5" off local vertical. 
5. 

A V  used from hover to touchdown - Less than 650 ft/ 

Touchdown miss distance - This value may or may not be 
critical depending on lunar terrain characteristics in 
the region of the landing site. 
this value cannot realistically be determined. 
(However, it. will be shown later that a great cumber 
of the trajectories using the proportional navigation 
law which miss their target by an appreciable amount 
also violate other touchdown criteria.) 

Up to the present time, 
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2.3.3 General Trajectory Considerations 

Although it would be desirable to achieve successful tra- 
jectories under all hover velocity and target renges conditions, 
it should be recognized that this goal can not be realistically 
attained. This is basically due to the fuel (or AV), thrust, 
and attitude limitations imposed. In many cases, the optimum 
vehicle attitude for visibility conflicts with the optimum for 
achieving the target point. For example, a high horizontal 
residual hover velocity may be useful in providing extended 
downrange distance but also results in great difficulty for 
landing within shorter ranges. To null this horizontal velocity 
rapidly woilld require high thrust levels coupled with large 
vehicle X axis deviations from the nominal vertical pitch attitude 
which would conflict with visibility and sometimes attitude rate 
restrictions. Limitations of approach velocity and target range 
values, together with judicious choice of guidance law gain 
constants has resulted in the generation of acceptable trajectory 
famiLies for the applicatim. This technique can in addition 
produce acceptable touchdown conditions and this is demonstrated 
by the work performed on the Proportional Navigation Law. It 
is also possible to cut off the law at some low altitude above 
the surface and replace it with a throttling back command for a 
vertical descent in an attitude hold mode until touchdown. This 
techniqce was applied to both the Polynomial and Proportional 
Guidance Laws with success. 

The ability to keep the landing site within view is a 
function of the trajectory (altitude and range) and LEM attitude 
at each point. 
point is to initially introduce a downward acceleration, which 
results in a "sagging" type of trajectory. Figure 1 shows two 
types of trajectories which may be obtrined. 
a horizontal velocity is present at hover and "B" would be ob- 
tained if an initial downward acceleration were introduced in 
addition to the initial velocity. 

A meam of improving the visibility to the landing 

"A" is obtained if 

Table 2 presents a comparison of some of the relative 
advantages and disadvantages of the two trajectories. It is 
considered that the "B" type trajectory is most advantageous 
especially with respect to the important visibility consideration. 
It is also possible to improve "B" to get some of the advantages 
of "A" by providing a cut off to the guidance law and introducing 
a vertical descent at sufficiently high altitudes above the 
lunar surface. 
trajectory "B" is obtained from an adaptive form of the Pro- 
portional Law so that the disadvantages of "B" for distant 
targets can be almost completely offset by commanding reduced 
downward accelerations. 

In addition, as will be seen later in the report, 
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TABLE 2 - TRAJECTORY COMPARISON 
A 

View of landing point Lose view while still 
near maximum altitude. 

View of ground before 
landing point close view until final 

Ground is not within 

vertical descent is 
underway 

Change in landing Should be more capable 
site for achievement of further 

downrange targets, since 
vehicle remains at higher 
altitude for most of 
trajectory. 

Landing on terrain Superior since final 
which is peaked or touchdown path is more 
rubble surfaced vertical. 

1000 

B 
Landing point in sight 
for essentially the 
whole maneuver. 

Closer view of ground 
earlier in flight. 

Has an initial downward 
velocity which decreases 
the altitude early in 
the flight. This is 
favorable for achieving 
close in targets. 

Tends to approach on a 
glide slope more suitablt 
for landing on flat 
surf ace. 

2 
1000 FT. RAN G E 

.TARGET 
POINT 

Figure 1 - Comparison of Trajectory Shapes 
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3.0 BASIC & MODIFIED PROPORTIONAL NAVIGATION LINE-OF-SIGHT LAWS 

3.1 INTEODUC TI ON 

In this section, the GAEC study (Ref. 5, 6 and 7) which 
attempted to apply L. Cicolanis' Proportional Line of Sight 
Navigation Guidance Law (Ref. 4) to the hover to touchdown 
problem will be discussed. 
with success for other phases of the powered descent (Ref. lo), 
it had not previously beer? applied for the hover to touchdown 
maneuver. The discussion which follows presents the Basic 
Proportional LOS Law first and then Modified Proportional LOS 
Law (called MLOS) which appears to be better suited to the 
hover to touchdown phase (Ref. 5) .  

Although this law had been applied 

3.2 THEORY OF BASIC LOS L A W  

Ref. (4) has derived and presented the guidance law for 
acceleration required with respect to an inertial frame for the 
Proportional Line of Sight Navigation Guidance Law. It is pre- 
sented as equation (1) below. 

- - 
f = v +  2 %  Ia x V + W I a  x (WIa x Z) + (ft - fv, (1) 

where 

f = thrust acceleration vector of the vehicle, or thrust 
- 

force per unit vehicle mass. 
vehicle thrust magnitude and direction. 

external acceleration vPctor or force per unit vehicle 
mass acting on the vehicle (gravity, aerodynamic, etc.,, 
as applicable). 
v and W x 7. R 

This determines the required 
0 

- 
= fv 

This force is defined positive along - 
- 2- 

= acceleration of the target d- Rm (with respect to an 
dtz ft inertial frame). 

WR = 

- 
vector angular velocity of line of sight between vehicle 
and target. 

angular velocity of the reference frame with respect to 
an inertial frame. 

- 
= 

'Ia 

- 
R = vector LOS range betweei vehicle and target, Positive 

from target to vehicle. 
- 
V = relative velocity between vehicle and target (fi), always 

positive since this is the reference. .. e - 
V = relative acceleration between vehicle and target (R) which 
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CAGE 12 

would be commanded by the guidance l a w  i f  there were no 
target motion, o r  ta rge t  coordinate axes rotation of t he  
reference frame, o r  external vehicle  forces. 

Equation (1) may be simplified,  s ince it i s  determined t h a t  
t h e r e  a r e  no rotatioils  of t h e  reference frame relative t o  t h e  
i n e r t i a l l y  f ixed coordinate system, or accelerat ions of t h e  
t a r g e t  point.  The reference - - frame-is centered a t  t h e  t a r g e t  
point .  A s  a r e s u l t  WIa x (WIa x R), f t  9 WIa a r e  a l l  

zero, and (1) reduces t o  
- - -  

(2) 
f v  f = V -  

b 

The expression f o r  Tf ( t h e  r e l a t i v e  Proportional Guidance Law 
accelerat ion commaEd) i s  derived i n  R e f .  4, and given below: 

L 

where (a l so  see Fig. 1) 

R = s c a l a r  range 

V = s c a l a r  r e l a t i v e  ve loc i ty  between vehicle  and t a r g e t ,  
Vo  = i n i t i a l  value of V 

S, K = a r e  guidance l a w  constants 

L = t h e  lead angle, i .e . ,  angle between t h e  r e l a t i v e  v e l o c i t y  
vector  and t h e  negative l i n e  of s i g h t  t o  t h e  t a r g e t  point .  

- 
WR = vector  angular v e l o c i t y  of l i n e  of s igh t  

8 = f l i g h t  path angles measured from v e l o c i t y  vector  7 
t o  t h e  l o c a l  horizontal  

The expression (3)  i s  composed of two perpendicular vector  
components, 
d i rec t ion  uv, and t h e  o ther  ( S ~ R  x V )  i s  perpendicular t o  t h e  
ve loc i ty  vector. 
t o  obtain t h e  i n e r t i a l l y  referenced accelerat ion vector  comand 
or force per  mit mass required.  

One i s  along t h e  v e l o c i t y  vector  (See Fig. 2>, 

The expression (3)  may be subs t i tu ted  i n  (2)  

The only net  e x t e r c a l  accelerat ion o r  force per  unit  mass 
acting on t h e  vehic le  i s  gravi ty  and t h i s  accelerat ion may be 
resolved along t h e  vector  ve loc i ty  and i t s  perpendicular 

- 
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( i n  t h i s  case, planar f l i g h t )  i f  t h e  f l i g h t  path angle ( 'd ) i s  
known. 

Assuming a configuration of v e l o c i t y  vector,  l o c a l  v e r t i c a l ,  
l o c a l  horizontal ,  vehicle and t a r g e t  point  as shown i n  Figure 2, 
it i s  seen t h a t  t h e  gravi ty  component w i l l  be i n  t h e  d i rec t ion  
of t h e  N and 7 vectors.  
s t i t u t e d  i n  (4) for fv with a pos i t ive  sign, s ince f v  i s  defined 
pos i t ive  along 6 and 7. 
are subtracted s ince f v  has a negative s ign i n  ( 4 )  and t h e  7 
t h r u s t  i s  as follows: 

Therefore t h e  grav i ty  terms a r e  sub- 

The r e s u l t  i s  that the  grav i ty  terms 

where u , + are u n i t  vectors representing LOS r o t a t i o n a l  and 
veloci t$  vector  direct ions respect ively.  

The components o r  f may be l i s t e d  as t h e  accelerat ion aiong 
t h e  v e l o c i t y  vector  (V,) and normal t o  the ve loc i ty  vector ( N e ) .  
They are defined as follows: 

a - 
N, may be reduced f u r t h e r  s ince 

L V Ne = S (- Sin L) * ( V )  Sin 90" - R 
V2 g cos&' = % Sin L - g cos1 

( 7 )  

Note t h a t  t h e  angle between kR and i s  90".  Therefore 
t h e  accelerat ion guidance l a w  commands may be expressed as follows: 

- 
Along t h e  veloci ty  vector (v) 

Normal t o  t h e  veloci ty  vector  ( i n  d i rec t ion  x &) 

I V2 N~ = S- Sin L - g C O S K  R 
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The commanded angle (d) of the acceleration vector relative 
to the velocity vector 7 is specified by the equation 

and the commanded angle with respect to the local horizontal is 

8, = 8 +oc 
Tr, 

3.3 THEORY OF MODIFIEg L3S L A W  

L. Cicolanis's LOS Proportional equation (Ref. 4) is readily 
adaptable to automatic feedback system usage since it generates 
vehicle commands directly based on vehicle state data. It has 
been used for several analyses concerned with powered descent (See 
Ref. lo), and it yielded satisfactory results in that it produced 
near optimum AV trajectories. 
law (for the hover to touchdown phase of the flight) is that a 
literal hover condition results in no guidance command (except 
enough to offset the gravity forces, see equations (9)  and (10). 
This could result in a continually commanded hover condition, 
which would be intolerable for this phase of the mission. 

One obvious fault with the basic 

A. Bierman, in a GAEC memo, Ref. 5, presents a modification 
to the Cicolani's Proportional Navigation Law, which was developed 
to overcome the above difficulty. 
nature of the unmodified Proportional Navigation Law, it was 
decided that only the external force portion (the gravity terms) 
would be modified and that phase-in of the modification would occur 
at start of hover and phase-out would occur as soon as vehicle 
velocity was brought up or down to a value acceptable to the basic 
guidance law. 
obtained from equation (10) once the time of flight is selected. 
The other quantities (L and R) are known and K is selected. 
Since the vehicle thrust-to-weight ratio ranges within narrow 
limits for this phase and the A V  used is small, in relation to the 
gIsp product, AV increases nearly linearly with time. 
controlling time, indirectly controls A V  in a near linear 
fashion. The Modified Law therefore provides a strong influence 
on the control of AV independently of K. For this phase of the 
mission, when the remaining fuel is approaching the minimum, this 
is regarded as a desirable feature. 

In order to preserve the basic 

The acceptable value of desirable velocity is 

Therefore, 

In addition the Modified Guidance Law contains an adaptive 
feature, as implied previously. The modification to the basic 
law tends to bring vehicle velocity conditions from a region which 
would present great difficulty to the Basic Law (in meeting various 
constrairbs specified in section 4.0) to values which are more 
easily handled e 
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The equations derived i n  Ref. ( 5 )  f o r  t h e  Modified Guidance 
l a w  are presented as follows: 

+ ') Sin L - G (V/VR) S i n 3  (8) 
L 1 ( S  - 2)  cos L - (s - - 

R K 

(9) 

VR = veloci ty  required 

= VR ( t )  = - KR - L (10) Tf Sin L 

Tv = Tfo - t = t i m e  of f l i g h t  remaining from t o t a l  pre- 
selected t i m e  (Tfo)  af ter  t i m e  elapsed, t. 

which describes a continuous t r a n s i t i o n  from t h e  G (V/VR) coef f ic ie i -  
of Modified Guidance Law t o  t h e  Basic Guidance Law coef f ic iez t  g. 

tl = the  time a t  which t h e  modified f a c t o r  starts t o  be removed 

t2 = t h e  t i m e  when the t r a n s i t i o n  from Modified Guidance L a w  t o  
Basic Guidance Law i s  completed. 

Note t h a t  f o r  t between 0 and t ~ ,  y ( t)  = 1. (by def in i t ion) .  
t betweesz t,l and t2, y (t) =(f-2 - t )  
(t) = 0 (by def in i t ion) .  

For 
and for tb t2 ,  y (t) = Y 

( t 2  - ti) 

The a f f e c t  of the t r a n s i t i o n  f a c t o r  i s  t o  have the  second 
terms of both (8) and (9) s tar t  oc t  a t  beginning of hover as 

i s  forced t o  approach u n i t y  by a l i n e a r l y  A t  t = t V 
19- 

VR 
T p  
varying function of time (11) , in  the  exponential. Then a t  t = t 2  
t h e  second term equals g and renains there .  A t  t h i s  point  and 
thereaf te r ,  t h e  Modified GGidance Law, (8) and (g), and t h e  Basic 
Guidance Law (6) and ( 7 ) ,  are ident ica l .  The remainder of t h e  
t r a j e c t o r y  would be the same as t h a t  which would occur i f  t h e  
Basic Guidance Law were used, with t h e  i n i t i a l  and boundary condi- 
t i o n s  which e x i s t  a t  the point  of switchover. I n  general, these 
conditions wozld have been made more favorable f o r  t h e  Basic Law 
takeover. 

Examination of the vector  diagram i n  Fig. 2 and consideration 
of equations (8) and (9) and ir, p a r t i c u l a r  t h e  v g  term comey 

t h e  adaptive f e a t u r e  o f  t he  Modified Guidance Law i n  fur5her detail.. 
VR 
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First, it is seen that for large values of V (those which exceed 
the. required valde (VR) as determined in (10)) , an acceleration in 
a direction opposite to that commanded by the guidance law is generate( 
wkiich exceeds the gravity compe_rsatiol force normally generated under 
the Basic Law by the ratio I\r. 

thnisting force is comn;a-ded to the vehicle. 

The net result is that an upward 
VR 

Second, it is see9 that for small values of V (those which are 

This results in an increase 

This occurs until the velocity in- 

less than required (-JR)), a net force which is less than that re- 
quired to offset gravity is commailded. 
in the total velocity vector due to addition of a downward component 
of acceleration to the vehicle. 
creases to the velocity reqcired or mtil tls whichever occurs first. 
Due to vehicle attit-ale constraints, acceptable means of obtaining 
the increased downward velocity component is to reduce vehicle 
thrust to a minimum (the other alternative would be to invert the 
vehicle, which is clearly mdesirable at this point). 
limited to approximately .77 lunar g with minimum thrust of 1050 lbs. 
The result is a max. domiward acceleration of 1.2 ft/sec2 (vehicle 
mass of 366,23 s l u g s  used) 

This value is 

An additional beneficial factor which results .from the downward 
acceleration is improved visibility of the target landing point. 
This occurs since a downward acceleration tends to produce a sagging 
trajectory, which by the geometry of the trajectory and location of 
the target point redcces the magnitude of the LOS angle from the 
horizontal, ar,d therefore increases the chances for an unobstructed 
view through the 
law produces a bowed trajectory with a horizontal initial velocity. 
(See 2.3.3 or Ref. 5 for a discussioa of trajectory shape desire&) 

windows. It shoald be noted that the Basic LOS 

.DIGITAL COMPUTER SIMLTIATION PROGRAM (See the Appendix for further 
detail) 

Introduction 

The Proportiogal Navigation Guidance Law was programmed on a 
digital computer for use in simulations of a lunar landing from hover 
to touchdown. 
vehicle rotatioaal and translational dynamics, equations of motion, 
and a math model of the LEM sensors azd guidance system computational 
functions. An IBM 7094 digital program was used to simulate the 
above mentioned fuxctiox ,, The program was designed to simulate 
planar notions of the LEN vehicle with three degrees of freedom (two 
translatiolal and one pitch rotational). 

The digital computer simulation included the LEM 

Program Content and Capabilities 

The program cozltains the following characteristics and capa- 
bilities : 
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(1) A funct ional  representation of an  i n e r t i a l  platform with two 
orthogonally mounted in t eg ra t ing  accelerometers l y ing  i n  t h e  
plane of motion. 
following e r r o r  s m r t e s :  
platform d r i f t  ra te ,  and i n i t i a l  platform misalignment, 

A f u x t i o a a l  represerhation cf a t w d  beam doppler radar whose 
octputs correspond t o  local v e r t i c a l  and horizontal  measu-re- 
ments. The spec i f ic  radar  outputs a re :  altitvcde, a l t i t u d e  
ra te ,  and horizcrntal veloci ty .  Provision i s  made t o  permit 
i n s e r t i o 3  of scale  f a c t z  and bias e r r o r s  i n  each of t he  
three  output channels, and t o  r e f l e c t  t h e  e f f e c t s  of platform 
m i  sa l i  w e n t  e 

A t h r o t t l e a b l e  main engiqe which t h r u s t s  along the  L E M  longi- 
tud ina l  axis .  
l m e r  thm-s t  leve l ,  while the  response i s  character ized by 
a simple first order time constant. 

The model permits t h e  in se r t ion  of t he  
accelerometer bias e r rors ,  f ixed 

(2) 

(3 )  
m e  engine i s  l imi t ed  between an upper and 

(4)  Att i tade c o z t r d  dynamics a re  represented by a l i n e a r  second 
order system with r a t e  and pos i t i on  feedback, 
t i o n  i s  r a the r  s implif ied bct  adeydate f o r  purposes of t he  
study. However, a more rigorous dynamic representat ion of 
t he  L&M vehlcle was used i n  Polynomiaal Law study (Reference 16 
and Section 4). 

This representa- 

( 5 )  A funct ional  representation of a spacecraf t  d i g i t a l  computer 
which performs t h e  nairigation, guidance, and cont ro l  computa- 
t ions ,  including the updating of t a r g e t  pos i t ion  and LEM 
veloc i ty  03 the  bas i s  of radar and LMls information. I n i t i a l  
e r r o r s  i n  pos i t ion  and veloc i ty  can be inser ted  i n t o  t h e  navi- 
gation loop. 

The f o i l swi ig  vehicle cha rac t e r i s t i c s  were used throughout, Lhe 
ana lys i s  : 

I n i t i a l  mass = 366.23 s lugs 
I n i t i a l  p i t ch  h e r t i a  = 9105.0 s lug- fee t  
Descent engine time constant = 0.3 seconds 
Specif ic  impulse of mail? engine f u e l  = 300.0 seconds 
Computer sample r a t e  = 2 cycles pe r  secocd 

F'unctio-a1 Description cf PrJgram (See Fig. 3 )  3.4.3 

The gLiidance system cons is t s  of t he  IMU, doppler radar, and 
the  spacecraft  d i g i t a l  compdter. The spacecraf t  computer calcLlates  
i n e r t i a l  veloc:ity and p x i t i o r i  on t h e  basis of IMcl information. 
Simultaneously, the  spacecraft  computer, using the  IIQJ as an a t t i -  
tude r e f e r e x e ,  ca lca la tes  t he  l o c a l  v e r t i c a l  and horizontal  ve loc i ty  
components and the  E M  a,.l"cit.j.iie on the  basis of t he  radar  outputs. 
The navigation compxter pos i t ion  and t h e  doppler ve l cc i ty  components 
a r e  then processed t o  yle1.d updated i n e r t i a l  ve loc i ty  components, 
The navigation compA,er pos i t i cn  and the  radar a l t i t u d e  measuremect 
a r e  used t o  update t h e  t a r g e t  posi t ion.  
provides t h e  inpu-ts t o  the  gxidance l a w  from where t h r u s t  and s t ee r i2g  

The updated information 
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cammands a re  issued. The system accuracy, independent of sensor 
errors,  is  depen2ent cpon tpe computation rate, 
rate of 2 eps, the f o l l m i n g  navigational accuracies a re  a t ta ined 
a f t e r  120 secozds of r e a l  f l i g h t  time: 
ve loc i ty  e r r o r  l e s s  than 10-5 f e e t  per  second, e r r o r  i n  predicted 
t a r g e t  a l t i t u d e  of 1 fcgt,  

For a computation 

pos i t i on  e r r o r  of 0.2 f e e t ,  

Figure 3 i s  a f m c t i o n a l  block diagram which descr ibes  t h e  
general compv.tatlona1 f!im of t he  d i g i t a l  program used. 

The gcidance cGmpAatio-il (employing t h e  Modified Proportional 
Navigation Law) accepts :ria-rigational irtputs such as LEM ve loc i ty  
( q )  and pos i t i on  veztor  (?  = r, @)o 

vector  (Ft = r From these  inputs  t h e  guidance l a w  

commands a t h m s t  magr;it.z?ie comTai2d t o  t h e  engine ( T  ) and a LEN 

a t t i t c d e  p i t c h  cornand (0_) t o  t h e  vehicle  a t t i t u d e  contro.1 system 

(box e n t i t l e d  "Pi tch at+;it.crJ*e a i d  engine dynamics") 
a t t i t u d e  cor;tro.l system aid the  engine respond t o  the  commands r e -  
ceived and t h e  ouCpct a re  ac tua l  dynamic vehicle  a t t i t u d e  and 
t h r u s t  achieved. 

d i rec t ion  ( 0  ) a r e  applied t o  the  E M  vehicle  t o  produce transla- 

t i o n a l  motioa i n  the  !,v_-.?ar gravi ty  f i e l d  environment. The outputs 
of the  traos,latLonal dynamics box shown are ac tua l  LEM vehicle  
veloci ty  (va) and pos i t ion  vector  (Ta) .  Since t r a n s i a t i o n a l  dy- 

namics r e s u l t  i n  vector  acceleration., t he re  i s  a change i n  the  
veloci ty  veztor  ( A? )e it i s  possible  t o  ca lcu la te  t h i s  and 

use it f o r  a s imda ted  input. t o  t h e  IMU sensing box t o  represent 
vehicle acce, ierat ioc,  
out "measured" ve loc i ty  change ( A Y ) t o  t he  navigation 

compctational blocko 
era t ions  twice by svming ve loc i ty  and pos i t i on  changes t o  produce 
LJ3M vehicle p o s i t i o z  vector  (r 
as measured, 
feeding ve loc i ty  a rd  p o s i t i x  da ta  t o  t h e  Guidance l a w  box. 
IMU comp-d%atioi may accept measzrement e r r o r s  such as accelerometer 
bias errors ,  p.1atfa-m d r i f t  r a t e  and initial p.latform misalignment 

it a l s o  accepts t a r g e t  pos i t i on  
fi t )  i q x t 2 s .  t7 

C 

L 

The vehicle  

Tke t lae tua l l l  dynamic t h r u s t  magnitude (Ta) and 

c 

t, a 

The D4i.J senses vehic.Je acce lera t ion  and reads 
A Xa, a 

The navigatiozlal f u x t i o n  in t eg ra t e s  accel-  

= fi,, rM) and LEM ve loc i ty  vector  M 
A t  t h i s  pcjiet t h e  computation loop i s  closed by 

The 

The t r a n s l a t i o n  dynaroics conpctat ional  output of vehicle  
pos i t ion  vector  (r ) i s  fed i - tc ,  the  lunar  surface simulation box. 

The ir-put of smface  slope an3 t h e  a l t i t u d e  of t h e  t a r g e t  surface 
poi-& above t h e  1-mar mean radics allow computation of vehicle  
a l t i t u d e  (ha) abs-re t h e  sloped lu2ar surfaceo 

as a n  input t o  the  radar sa t h a t  t he  radar  sensor measurement may 
be simulated, A l t i t r . . , i e  range measv-rement e r r o r s  a l s o  may be in-  
cluded, Eased on the radar  alltitilde measurement and previous navi- 
gat ion computat,ions of" X, Z (LEM pos i t i on  vector  coordinates re- 
f e r r e d  t o  the  i n e r t i a l  referezce systems ) t h e  value represent ing 
updated t a r g e t  radi7Ls is cmpvited and t ransmi t ted  t o  t h e  guidance 
l a w  compcLation br,xo The t a r g e t  angle ir_put t o  the  guidance l a w  

a 

This a l t i t u d e  serves 



i s  pre-selected,  

The t r a n s l a t i o n a l  dynamics outp i t  of vehicle ve loc i ty  vec tcr  (va) i s  a l s o  an input t o  t h e  radar bcx s o  t h a t  computation of alti- 

tude r a t e  measnrement and hor izonta l  ve loc i ty  e r r o r  w i l l  a f f e c t  t h e  
c m p u t a t i o r  of simulated radar measured values. 

The t o t a l  radar measured ve loc i ty  values a re  fed  i n t o  t h e  up- 
date  ve loc i ty  computation where they a r e  combined with nayig$tior;al 
inputs  of t a r g e t  p o s i t i m  (X, Z). 
components of the vehicle a r e  outpiits which a re  f ed  t o  t h e  navigat l -2  
box f o r  use i n  determination of t he  updated vehicle  ve loc i ty  vector  

The updated ve loc i ty  (X, Z )  

(v)  
DISLVSSION OF BASIC L3S LAW 

Theoret ical  Aspects of Gain Consta-rts and kitial Conditions 

Introduction - 
The Basic Proportior?.al Line of Sight Navigation Law has two 

constants K and S (see eq, (6) and (7) i n  Section 3 0 2 )  which a f f e c t  
t h e  cha rac t e r i s t i c s  of the vehicle  * s t r a j e c t o r y  (shape, time of 
f l i g h t ,  
and which, i n  turn,  a r e  sens i t i ve  t o  such i n i t i a l  conditions as ve- 
h i c l e  veloci ty ,  vehicle  a t t i t u d e  and t a r g e t  downrange dis tance.  Iq 
t h e  fo.llowing sections,  a t h e o r e t i c a l  discussion i s  presented on 
t h e  l i m i t a t i o n s  on K and S and t h e i r  in te rac t ions  with i n i t i a l  con- 
d i t i o n s  f o r  t h e  Basic Proportional Law. 

AV used, a t t i t u d e  and a t t i t u d e  r a t e s ,  ve loc i ty  p r o f i l e )  

Lower L i m i t  on Constants - 
Reference 4 s t a t e s  slslme of t h e  t h e o r e t i c a l  l i m i t a t i o n s  02 t h e  

gain constantso They are  a.gai!i presented as  follows: In  order t o  
avoid a s i n g d a r i t y  i n  the guidance l a w  as both range and ve loc i ty  
approach zero, K mcst be se lec ted  s o  t h a t  it i s  equal t o  or grea ter  
than 2. A l s o  S m x t  be 
grea te r  than 2 3. K. If K = 2, then S must be grea te r  than  1. However 
t h e  reference Fcirtts out t h a t  p e c u l i a r i t i e s  i n  t h e  t r a j e c t o r i e s  
could occur f o r  values of S l e s s  than 20 Even though successful  
t r a j e c t x l e s  could b e  Sbtaiped, S was r e s t r i c t e d  t o  values  grea te r  
than 2. This would insure t h a t  t h e  acce lera t ion  command term 
approach zero as  rarge t c  g3 and v e l s c i t y  a re  reduced t o  zero. Thus 
t o  s m a r i z e ,  the  valces of K and S a r e  constrained as follows: 

See e uat ions (6)  and ( 7 )  i n  Section 3.2. 

The r e f e r e u e  s t a t e s  tha t  t he  lead  angle, i o e n ,  t h e  angle between 
t h e  - e l " p j t ; r  v e c t n r  and t.he t a r g e t  l i n e  3f s ight  (see Fig. 2 ) ,  
monotonically approaches zero a s  t h e  vehicle  approaches i t s  t a r g e t  
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if 

s >  1 

K >, L 

Therefore, i f  (1) i s  sa t i s f i ed ,  then t h e  l e a d  angle conditions re-  
s u l t i n g  from ( 2 )  w i l l  a l s o  be s a t i s f i e d .  

3e5.1.3 Effect  of Constants on Trajectory Shape and Time - 
The shape of t he  t r a j e c t o r y  i s  determined by S and t h e  i n i t i a l  

l ead  angle (Lo)" The smaller t h e  l e a d  angle, t h e  t i g h t e r  (c loser  

t o  t h e  l i n e  of s i g h t )  t h e  t r a j ec to ry ,  which i s  t o  be expected. 
addi t ion  t h e  t r a j e c t o r y  path gets  t i g h t e r  as S increases.  
be noted t h a t  S does not d i r e c t l y  a f f e c t  time of f . l igh t .  

I n  
It should 

The time of t h e  maneuver i s  a f fec ted  by t h e  value of K as may 
be seen by t h e  formula: 

kt it should be noted t h a t  K does not a f f e c t  t h e  t r a j e c t o r y  path 
shape . 

L, 
v 2  

RO 
" <  ShO 

Applying formula (11) from Section 3.5.1.5 
2 

and (3.) above, and t h e  approximation 

between K and S f o r  an  i n i t i a l  a l t i t u d e  of LO00 f t ,  above t h e  .lunar 
surface, i s  fouad a s  fo.Llows: 

I, the  r e l a t ionsh ip  . 

Ro t, = 

0 
v I 

The 

e qGal i t y  

AV cons t ra in t  i s  m e t  i f  tf < 120 sec. Therefore t h e  in-  
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Subs t i tu t ing  3a i n  (ll), it i s  determined t h a t  

f o r  ho = LOO0 f t .  and lunar  g = 5.3.1 

8 s  < 77 

The form~zla places  a cons t ra in t  on t h e  K% product based on 
( 3) and i n i t i a l  a t t i t u d e  l imi t a t ions  
found tha t  grea te r  K's (see discussion on Fig. 8c i n  Section 3.5.2.5) 
r e s u l t  i n  lower a t t i t u d e  r a t e s  a t  touchdown espec ia l ly  f o r  high 
i n i t i a l  ve loc i t ies .  
t o  allow t h e  . l aw  more time t o  n u l l  higher ve loc i t i e s . )  
l a rges t  K possible  f o r  nul l ing high ve loc i t i e s ,  (3b) i s  employed 
with t h e  lowest S allowed. 
S = 2 subs t i tu ted  i n  (3b). 

AVfrom 
(from (LI)). It has been 

(Increase of K e s s e n t i a l l y  pro.longs f . l igh t  t i m e  
To get the  

From (I) Section 3.'5.1.2 S > 2, 

The r e f  ore 

If t h e  a t t i t u d e  corstrain+ i s  applied from (11) (See Section 365.105). 
Note t h a t  t h i s  a t t i t u d e  cons t ra in t  i s  minimal and 'only prevents t he  
vehicZe from t i l t i n g  back below the  hor izonta l ) .  

V 2  
O 2 < -  

Sho 
0 
R 

Then with values of S = 2.1, ho = ,1000 ft. ,  .lunar g = 
R = ,1440 f t .  

0 

5-31, 

,1440 
2 x 1000 

(3 

c ~ 
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CAGE 22 

Note that the  minimum value of S a , l l a r s  the l a r g e s t  Vo ve loc i ty  t o  

result i n  inequal i ty  (3d), This partially explains  why S = 2.1 
was selected fo r  case 2 i n  Section 307.2; i.e., t o  extend t h e  high 
ve loc i ty  end a t t a inab le  with t h e  bas ic  l a w  without exceeding t h e  
a t t i t u d e  constraint .  

To f u r t h e r  discover t h e  e f f e c t  of K and S and i n i t i a l  con- 
d i t i o n s  on other  f ac to r s  such as p i t c h  a t t i t u d e ,  a t t i t u d e  rates, 
f u e l  usage, and time of f l i g h t ,  GAEC (see Reference 2 and f u r t h e r  
Section 3.5.2 i n  t h i s  repor t ) ,  d id  some ana ly t i ca l  and empir ical  
inves t iga t ion  i n t o  t h e  e f f ec t s .  

3e5 . , l ob  I n i t i a l  Horizontal Velocity and Range Limitations Affecting t h e  Time 
of Fl ight  and A V  Budget - 

It has been empir ical ly  determined that t h e  A V  budget w i l l  
not be exceeded if  the  time of f l i g h t  i s  less than 120 seconds for 
t h e  maneuver under consideration. Using t h i s  value of time, it can 
be sham (Reference 2 or from Equation 3) t h a t  i f  L i s  l imi t ed  be- 
tween O+O and 90” and K & 2 (choose K 2, t he  value which makes 

smallest) ,  t h e  minimum i n i t i a l  hor izonta l  ve loc i ty  t o  achieve v 
a dawnrange t a r g e t  a t  R 

= 

0 min 
s l a n t  range d is tance  may be expressed as 

0 
“ I ?  

60 
0 .r - 

0 
V 

min (4)  

f o r  a ,1000 f t .  downrange t a r g e t  and an i n i t i a l  a l t i t u d e  of 1000 ft., 
= 23.6 f t / sec .  It may be seen from (3 )  t h a t  t h e  minimum 

vO min 
required hor izonta l  ve loc i ty  increases  as the  t a r g e t  downrange d i s -  
tance increases. The formula ind ica tes  t h e  smallest  i n i t i a l  ve loc i ty  
f o r  which t h e  t a r g e t  should be achieved by t h e  vehicle  wi th in  t h e  
,120 seco-nd time l i m i t ,  which i s  concomitant with t h e  
It should be noted t h a t  t h i s  minimum value of ve loc i ty  does not 
necessar i ly  insure meeting other  cons t r a in t s  such as a t t i t u d e ,  a t t i -  
tude r a t e s  o r  touchdown veloci ty .  However, even though equation (4)  
does not insure meeting all cons t ra in ts ,  it does give a minimum 
veloc i ty  bound (on a time b a s i s )  f o r  t h e  Basic Proportional Law, 
below which the  des i red  t r a j e c t o r y  cannot be achieved. The equation 
(4) does not apply t o  t he  Modified Proport ional  Law d i r e c t l y  (pre- 
sented i n  Section 3.3), but  may be app,lied toge ther  with (3) t o  give 
ins ight  i n t o  t h e  r e l a t ionsh ip  between i n i t i a l  ve.locity required and 
range. It may be s t a t e d  i n  passing ( r e f e r  t o  Section 303 f o r  more 
d e t a i l )  t h a t  t h e  Modified Law must raise t h e  vehicle  ve. loci ty  t o  a 
grea te r  minimum Vdue  as indicated by app l i ca t ion  of (4) as t h e  
i n i t i a l  sl.ant range dis tance ( R  t o  t h e  t a r g e t  i s  increased, 

A V  budget. 

0 
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3 5 .I e 5 I n i t i a l  Att i tude Command Constraint Requirements Affected by I n i t i a l  
Velocity and Other I n i t i a l  Conditions - 

The angles and A a r e  defined as i n  Section 3.2, Figure 2 
and text ,and Figure 7 i n  t h i s  sectior?. The angle commanded with re-  
spect t o  t h e  l o c a l  h o r i z m t a l  (0 ) depends on t h e  d i rec t ion  of 7 and 

i, since E and 7 a re  referenced fram these quant i t ies .  The equation 

f o r  0 

and Figure I). 

e 0 C 

C C 
i s  expressed as fo.l.lows (see Equation 7a and 7b, Section 3.2 

C 

where 

- 1 OC = t an  (:) 
C 

If t.he vehicle  has ocly a horizontal  ve loc i ty  (zero v e r t i c a l  ve loc i ty )  
then = 0 and . 

If the  guidance l a w  equations, Section 3.2, Equation (6)  and (7)  a r e  
subs t i t u t ed  i n  (7) above, it i s  seen t h a t  a f a i r . l y  complex r e l a t ion -  
ship e x i s t s  i n  the  determi3ation of 0 as follows. 

C 

(8) -sv2 - Sin L + g  COS^ 

y I? I; 11" - 2; cos L - (s  - T) -J L - g S i n 8  

R -1 
u = ~ o d  - t a n  

C 
K c l  Sin TJ 

The l a r g e s t  p i t c h  angle of f  v e r t i c a l  occurs a t  the  i n i t i a l  por t ion  
of t he  t r a j ec to ry .  I n  order t o  determine an upper bound on i n i t i a l  
ve loc i ty ,  as related t o  i n i t i a l  p i t c h  angle, an upper bound i n i t i a l  
p i t c h  angle o f f s e t  from the  v e r t i c a l  i s  spec i f ied .  This value i s  
chosen t o  simplify the r e s u l t s  of (8) as w e l l  as t o  constrain the  
vehicle  a t t i t u d e .  

Inspection of  (8) shows t h a t  t h e  denominator vc i s  negative 
For the  a r c  tan  f o r  t h e  ranges o f  constants under consideration. 

'c t o  r e s u l t  i n  the  r igh t  0c command (between 90' - 180°), i t  must - 
T7 
' C  

f a l l  i n  $he range betwe% 270' - 180' (see Eq. (7) ) , 
true i f  Nc < 0. 

This will be 
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3.5.1.5 (cont.) 

Theref ore  

g c o s x  - - m2 Sin L t o  R 

0 To constrain the angle between l i m i t s ,  such as 60 , and 
120°, the right hand side of the inequal i ty  (10) could be 
obtained by subs t i t u t ing  the angle i n  l e f t  hand side of (8) f o r k a  
desired 8, l i m i t s .  However, t h i s  would requi re  taking i n t o  account 
the denominator of (8) which a f f e c t s  the r e s u l t  qu i te  r ad ica l ly  
since the bracketed quant i ty  tends t o  be small and varies w i t h  
changes i n  the constants and lead angle L. A s  a r e s u l t  it was 
decided t o  apply equation (10) t o  simplify t h e  r e s u l t s ,  
constrain the vehicle  i n i t i a l  a t t i t u d e  t o  a m a x i m u m  of 90 back 
off the v e r t i c a l .  

pis woull 

Then upon subs t i t u t ion  of Sin L = - ho and X = 0 i n  (lo), 

RO 

t he  expression becomes 
2 

svo hO 

RO 0 
(F) ( g  

2 2 
o r  vo cgh 0 

%O 

This inequal i ty  (11) ind ica t e s  an upper bound f o r  i n i t i a l  
horizontal  ve loc i ty ,  provided the denominator of (8) i s  negative.  
Calculation f o r  the values, lunar  g = 5.31, ho = 1000 f t .  and 
S = 3.1 determines the inequal i ty  

D 

If the preceding paragraph 3.5.1.4 i s  referred t o  it i s  
seen that both an upper and lower bound f o r  v e l o c i t i e s  i s  now 
obtained, based on i n i t i a l  maximum a t t i t u d e  and t i m e  of f l i g h t  
cons t ra in ts  as 
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3.5.1.5 (Cont.) 

Equation (11) indicates  that  t he  upper ve loc i ty  bound 
tends t o  be  reduced as S incr3aecs due t o  the  f a c t  t h a t  the 
a t t i t t l de  constraiznt may be exceeded. However, t h e  e f f e c t  i s  
more complex f o r  r e s t r i c t i n g  p i t ch  back o f f  v e r t i c a l  t o  a 
spec i f i c  value l e s s  than 90' and the  a f f e c t  on t h e  denominator 
of (8) must be studied f o r  changes i n  S t o  g e t  the t o t a l  e f f ec t .  

3.5.2 Computer Simulation Study of Gain Constant & I n i t i a l  Condition Effeci 

3.5.2.1 General - 
The -m h o v s  t o  touchdown phase was simulated by means 

of t h e  ISM 7094 d i g i t a l  program described above. 
depicted i n  f igu res  8a, 8b and 8c, the  following conditions were 
applied: 

i n i t i a l  s l a n t  range (R,) = 1414 f t . ;  i n i t i a l  a l t i t u d e  (h,) = 
1000 f t . ;  domrange distance (do)  = 1000 f t . ;  guidance l a w  gain 
constant S = 2.1. A disK.;sion of the r e s u l t s  follows. 

For the  runs 

3.5.2.2 Relationship Betwezn Guidance Law Constants, I n i t i a l  Velocity 
and A V  Reauired - 

Figure 8a shows the re la t ionship  between K the guidance 
l a w  constant,  the vehicle i n i t i a l  hor izonta l  approach ve loc i ty  (Vo) 
a t  t h e  hover point ,  and the  A V  required t o  complete t h e  hover t o  
touchdown maneuver. It i s  sern that  as K i s  increased f o r  a 
given i n i t i a l  ve loc i ty  that  the AV required increases  i n  a 
near l i n e a r  fashion. This i s  as predicted by equation (10) 
i n  Section 3.3 i f  t h e  approximation of a l i n e a r  re la t ionship  
between AV and t i m e  i s  assund ( i n  the same manner t o  that  
which i s  pointed out  i n  Section 3.3). The Figure a l so  shows that 
f o r  a f ixed  K, t he  
veloci ty;  a l s o  as would be expected from equation (10)and a h4, V- 
t i m e  l i n e a r  approximation. 

AV rsquired var ies  inversely with the  i n i t i a l  

Two of t h e  boundary l i m i t  l i n e s  shows i n  the Figure (8a) 
are obtained from previous discussion; i . e .  
from Section 3.5.1.2 and the upper AV l i m i t  = 640 + Vo i s  
obtained from t h e  constraints  Section( 2.3.2.b). 
l i n e ,  which closes  t h e  C ~ O E S  hatched area i n  Figure 8a, corresponds 
t o  t h e  a t t i t u d e  constraint ,  0 = 120° m a x .  
obtained by picking off  t h e  cormsponding values of K and Vo from 
Figure 8b and plottSng them on Figure 8a. 
area i n  Figure 8% therefore  represents  the  t o t a l  set of  values 
of t h e  guidance l a w  gain constant I(, as a funct ion of i n i t i a l  
ve loc i t i e s ,  t h a t  satisfier, the p i t c h  a t t i t u d e  and AV cons t ra in ts .  

K 3 2 i s  determined 

Tne t h i r d  l i m i t  

The boundary l i n e  i s  

The cross hatched 
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3.5.2.3 Relationship Between Guidance I a w  Constants, I n i t i a l  Velocity 
and Resulting: Vehicle I n i t i a l  P i t ch  Angle - 

Figure 8b shows t h a t  f o r  lower v e l o c i t i e s ,  t h e  i n i t i a l  
a t t i t u d e  angle i s  not g rea t ly  a f f ec t ed  by K, which would be ver i -  
f i e d  from an examination of equation (8) i n  Section 3.5.1.5. 

varies from 1.5 (Note t h a t  as K va r i e s  from 2 t o  4, 

t o  1.25 therefore  a f f ec t ing  the  value of t a n  8 by a very small 
amount i n  comparison t o  the  changes i n  K ) .  

(K ; ) 

If (8) i s  f u r t h e r  examined, it i s  seen t h a t  t h e  t an  8, 
varies inversely as the square of  t h e  ve loc i ty .  
And s ince the tangent i s  very l a rge  f o r  angles  near 900 any 
reduction i n  t h e  tangent magnitude by increase  of 
w i l l  move the angle  away from the 90° or i en ta t ion  as indica ted  
i n  3.5.1.5. 
v e r t i c a l  so t h a t  Qi changes i n  an increasing d i r ec t ion .  
Figure 8b bears  out  t h e  conclusion t h a t  as t h e  hor izonta l  i n i t i a l  
veloci ty  increases  the  vehicle  p i t c h  back o f f  t h e  v e r t i c a l  
increases.  

( g  Sin$ = 0).  

e l o c i t y  value 

I n  t h i s  case t h e  angle moves away from t h e  90' 
The 

3.5.2.4 Relationship Between Guidance Law Constants, I n i t i a l  Velocity an6 
Resulting Vehicle P i tch  Rates a t  Touchdown - 

Figure 8c i s  a p l o t  showing t h e  r e l a t ionsh ip  between 
i n i t i a l  ve loc i ty  and guidance l a w  gain constant K as a f f ec t ing  
the angular rate a t  touchdown. 
ve loc i ty  (from 30-70 f t / s e c )  the landing l i m i t  of FO/sec i s  not 
exceeded provided K 2 2 . 5 .  
30-55 f t / s e c  K Z  approximately 2.2. For k = 2 t h e  ve loc i ty  
must be l imi ted  t o  below 40 f t / s e c  t o  insure  an angular rate 
below t h e  50/sec m a x i m u m .  
t ions  by removing t h e  shaded por t ion  along t h e  Vo = 40 f t / s e c  
l i n e  t o  K = 2.2 and the  K = 2.2 l i n e  from 40 f t / s e c  t o  approxi- 
mately 55 f t / s e c .  As shown i n  Figure 8a, t h e  p iece  formed by 
the dot ted l i n e  would be removed. 

For a l l  ranges of i n i t i a l  

For the ranges of ve loc i ty  of 

Figure 8a could r e f l e c t  these  l i m i t a -  

3.5.2.5 Implementation - 
The cha r t s  i n  Figures 8a, b and c suggest a poss ib le  i m -  

plementation procedure which could be applied t o  allow successfu: 
landings t o  be completed using t h e  (bas i c  unmodified) Pro- 
por t iona l  Law. 
veloci ty  (using t h e  radar  or i n e r t i a l  system) and th? K gain 
value aga ins t  a char t  of K,  Vo values ( e i t h e r  manual or 
automatically).  
optimum boundaries, t h e  K value may be changed t o  obta in  b e t t e r  
t r a j ec to ry  results. 
ex i s t ,  Figure 8c and Figure 8a suggest a good t r adeof f .  Assume 
an approach ve loc i ty  of 60 f t / s e c .  with a K = 2.5; therefore  

It would be poss ib le  t o  check i n i t i a l  vehicle  

If t.he I( and Vo valzes are away fror; t hc  

For example, i f  high approach v e l o c i t i e s  
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3.5.2.5 (-Cant.) 

A V = 280 f t / s e c ,  which i s  w e l l  below the  a l l o t t e d  amount. 
The angular r a t e  a t  touchdown i s  2.'j0/sec. If it i s  desired 
t o  reduce t h e  touchdown angular rate, it can be done a t  t h e  
expense ofAV by increasing K t o  3.5. This w i l l  r e s u l t  i n  a 
touchdown rate of approximately .50/sec while increasing t h e  
A V  t o  475 f t / s e c ,  s t i l l  w e l l  within the A V  budget. 
shows t h a t  t he  i n i t i a l  p i tch  angle a l s o  increases  by 8' t o  
1380, so t h a t  t he  landing s i t e  i s  l o s t  i n i t i a l l y  f o r  a shor t  
t i m e .  However t h i s  s i t ua t ion  i s  rapidly corrected and a much 
b e t t e r  terminal  t r a j ec to ry  i s  obtained as a r e s u l t .  

Figure 8b 

A t  t he  opposite extreme of low approach v e l o c i t i e s  another 
favorable t radeoff  may be t ransacted.  
Figure 8a indica tes  t h a t  t h e  AV budget would be exceeded. If 
K i s  reduced t o  2.0, however, t h e  t r a j e c t o r y  i s  within t h e  O V  
budget. This i s  accomplished a t  an increase i n  touchdown 
angular rates as may be seen i n  Figure 8c from nearly Oo/sec 
t o  2O/sec. If the  A V remaining were considered an obsolute 
m a x i m u m ,  it would be incomparably b e t t e r  t o  touchdown with a 
higher angular ve loc i ty  ( s t i l l  w e l l  wi thin cons t ra in t  of 5O/sec) 
than t o  run out  of f u e l  while a t  some d is tance  from t h e  lunar  
surface.  

For K = 3.0 and Vo = 30 ft /se 

The f igu res  do not show o the r  important f i n a l  conditions 
such as hor izonta l  and v e r t i c a l  ve loc i ty  a t  touchdown, a t t i t u d e  
a t  touchdown and m i s s  distance.  These were not included s ince  
they are w e l l  within the l i m i t  conditions.  (Sample values are 
given i n  Table 1.) 

The same type of runs, m a y  be performed with S, K and Vo and 
even % and ho, as var iables ,  t o  examine poss ib le  t radeoffs  
obtainable  f o r  changes i n  S and K. When completed, t h e  in -  
formation could be stored i n  some manner and used t o  obta in  the  
best  t r a j e c t o r y  avai lable  with the preva i l ing  i n i t i a l  conditions 
t ha t  the vehicle  enjoys (or does not enjoy).  
of t h i s  information would add an adaptive f ea tu re  t o  t h e  guidance 
l a w  and r e s u l t  i n  improved t r a j e c t o r i e s  f o r  many cases.  

The appl ica t ion  

The previous data  presented was l imi t ed  t o  the appl ica t ion  
of t h e  Basic Proportional La,w a t  downrange d is tances  of 1000 
feet. 
varying downrange distance (constant  1000 f t .  i n i t i a l  a l t i t u d e )  
and varying i n i t i a l  ve loc i t i e s  both f o r  t he  bas i c  LOS l a w  (IOS 
s tands f o r  l i n e  of s ight  rsprzsent ing the  Basic Law). 
the r a t i o  of R i s  h e l d  constant f o r  a l l  runs a t  approximately 

Table 3 shows the r e s u l t s  of some sample t r a j e c t o r i e s  with 

Note that 

0 - 
IT0 

LED- 540- 15 DRM G329 REV 1 8-64 

Contract No. NAS 9-1100 
Primary NO. 663 

G R U M M A N  A I R C R A F T  E N G I N E E R I N G  C O R P O R A T I O N  
CODE 26512 

~~ 



PAGE 28 

(THIS PAGE INTENTIONALLY I;EFT BLANK) 

Contract NO. NAS 9-1100 
Primary NO. 663 REPORT LED- 540- 15 

24 November 1964 DATE 

GI u M M A  N A I R C  R A F T-E N G I N E E R I N G  c o R P O  R A I I O N  
~~ 

LNG 73  



PAGE '25 

m +in 
m m - P  
.rl.rlq+ 
E:- 

\- 
*-Po 

ka, 
Q w m  

-\ 

0 0  
kda, 

C D w m  

a 

0 

e 

0 0 0 
cu M 3  
. . . 

m c u  m 
c - I n M  
Ln In Ln 

h o - M o d  
0 d rl 
- .  . 
I 

1. 0 tn 

n 
w 
a, 

k a  
CD- 

d u l  m 
r - i 2 G  m m m  

- I  ho F O P -  

tn 
r l r i r l  

c u c u c u  
. . .  

0 0 

c u c u c u  
. . .  

0 0 0  
0 0 0  

I W 

I 4  0 ul 

z 4 0 tn 

0 

0 

Ln 
M 
ul 

ch 
0 
I 

u3 
d m 

cu 
0 

cu 
0 

I 

M 

m 
4- 

I 

M 

M 

cu 
0 

co cu 
ul 

w 
0 

I 

F 

0 m 

d 
0 

d 
0 

I 

M 

7A 
I 

Ln 

rl 

0 
0 

In 
M 
UI 

0 
0 

rl 

0 m 

0 
d 

rl 

0 
I 

d 

cu c- 
I 

Ln 

rl 

c u c o  
0 0  
. .  

\ D m  o w  
\ D m  

r l M  

0 0  
I I  

. .  

c u d  
0 0  c h m  
. .  

r l c u  
0 0  
. .  

0 0  

0 0  
. .  

3 c h  

o r l  
3 M  

I I  

. .  

t-c- 
c u d  
. .  

0 
0 

a3 
ri 
ul 

0 
0 

d 

0 m 

0 

0 

0 
0 

a3 
Ln 
\D 

I 

0 
M 

ri 

0 

P- m 
In 

0 
0 

d 
0 m 

0 
0 

0 
d 

cu 
In 
Ln 

I 

ri 

1.- 

. . . . . . . 
3 u l  0 c h 3  m u  m m o o d r l c u  

d d d d d  

r l d r l r l r l r l r l  

c u c u c u c u c u c u c u  
. . . . . . . 

0 0 0 0 0 0 0  
A ; f u l w w ) c o a 3  

0 0 0 0 0 0 0  
0 0 0 0 0 0 0  
0 0 0 0 0 0 0  
c u c u c u c u c u c u c u  

z 4 0 tn 

a, 
-P 
.rl m 

k 
k 

k 

a) 

3RM G329 REV 1 8-64 

Contract No. NAS 9-1100 
Primary No. 663 

& 

G R U M M A N  AIRCRAFT E N G I N E E R I N G  C O R P O R A T I O N  
CODE 26512 



PAGE 30 

3.5.2.6 (Continued) 

50 t o  1 and satisfies the  requirements of (13) Section 3.5.1.5 
(although it i s  near the l i m i t  of  tlie l e f t  hand s ide) .  
a l so  may be seen the  touc3do-rn conditions are w e l l  m e t  except f o r  
the one parameter i n  the  case of d, = 4000 ft. ( a t t i t u d e  a t  
touchdom exceeding the eozs t ra in t  l i m i t  by l.9O). A t  t h i s  
point it should be noted t'nat if t h e  Q / V 0  r a t i o  were not within 
the bounds of (13) required touchdown conditions would not be 
w e l l  s a t i s f i e d .  Although no runs 'nave been performed f o r  varying 
downrange dis tances  with the Modified Law it i s  expected t h a t  
there  w i l l  be no improvemer;t i n  t he  attainment of g rea t e r  down- 
range dis tances  if it?itial v e l o c i t i e s  are low. 
the  f a c t  t h a t ,  there  is essen t i a l ly  an addi t iona l  downward 
gravi ta t iona l  component command i n i t i a l l y  introduced by the  
Modified Law t o  bui ld  up vehicle  ve loc i ty  as discussed i n  
Section 3.3. 

It 

This i s  due t o  

Foz close i n  and moderate ranges and high ve loc i t i e s ,  t h e  
Modified Law i s  capa5le of showing a greater improvement over 
the  Basic Law. This weald a l s o  be the case f o r  l o w  v e l o c i t i e s  
and moderate ranges. 

The second ha l f  of Table 3 ( labe led  MLQS standing f o r  
Modified Line of Sight o r  Modified Basic Law) shows data  f o r  
moderate ranges and ve loc i t i e s  varyizlg from 40 t o  80 f t / s ec .  
In  addi t ion K i s  varied and S i s  held constant. It i s  seen from 
examination of t h e  quan t i t i e s  l i s t e d  that acceptable t r a j e c t o r i e s  
a re  obtained f o r  a l l  values of K. It i s  expscted that p l o t s  
similar t o  t h a t  shorn i n  Figure 8 f o r  t he  Basic and Modified 
Laws  f o r  2000 feet doxnsange distant.. would show more values 
outside the  cons t ra in t  l i m i t s  for t h e  Basic Law than f o r  t he  
Modified Law. This i s  due t o  the  inherent  adaptive f ea tu re  of 
the Modified l a w  as pointed out  i n  Section 3.3. A more detailed 
discussion on the  results of appl ica t ion  of t h e  Modified Line of 
Sight Guidance Law i s  presented i n  the next sect ion.  

3.6 MODIFIED LQS GAIN CONSTANTS & iNITIAL COXDITZON EFFECTS 

3.6.1 Introduction 

As indicated previously,  t k e  Basic Line of Sight Proportion- 
a l  Law i s  characterized by a minimm c r i t i c a l  ve loc i ty  below which 
the vehicle  canxot reach tke t a r g e t  i n  the  spec i f ied  time, and 
therefore,  t h e  a l l o t t e d  A V  budget i s  exceeded. 
case wonld occur with a per fec t  hover or zero ve loc i ty  vector a t  
the hover point ,  wliere the  guidance l a w  would not i s sue  any 
commarids (except t o  o f f s e t  g rav i ty)  e 

development of a modification t o  t h e  Basic 
Section 3.3. 

The extreme 

m-is reszlted i n  t he  
as described i n  

A summary and digest ion of t he  r e s u l t s  of computer 
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3.6.1 (Continued) 

ruTs which apply t o  t h e  Modified Law i s  presented. In  the  cases 
which follow, t h e  gain constarLt K and t h e  i n i t i a l  ve loc i ty  VO 
a r e  varied. The a f f e c t  Gn m i s s  distance,  AV, i n i t i a l  p i t c h  
a t t i t u d e ,  and a t t i t u d e  a t  touchdown a r e  presented f o r  domraoge 
distances (do) of 1000 and 2000 f t .  
a t  one value (S = 2.1) f o r  a l l  m s .  

The S gain constant i s  held 

3.6.2 Miss Distance as Affected by K Gain and I n i t i a l  Velocitx 

Figures 12 and 16 i l l u s t r a t e  t h e  e f f e c t  of changing K and Vo 
on touchdown m i s s  d i s ta rce  from t h e  t a r g e t  point.  
pointed cu t  i n  the  constraints,  Section 2.3.2, t h e  requirements 
f o r  m i s s  d is tance a r e  no t  well defixed, so t h a t  no absolute pass- 
f a i l  c r i t e r i o x  can be specified. However, study of the  f igures  
w i l l  show excesses and trends ii C,he e f f e c t s  of K, Vo var ia t ions  
on m i s s  distances.  Figure 12 i s  f o r  a 1000 f t .  t a r g e t  domrange 
dis tance and Figure 16 i s  f o r  a 2000 f t .  t a r g e t  downrange distame. 
For t h e  1000 f t .  distance, i f  Vo i s  held between 20-100 f t . / s e c .  
and K i s  held between 2.5 and 4,0, m i s s  d is tances  a r e  very s m a l l  
(near zero i n  most cases, one max. case a t  1 5  f t . ) .  
2000 f t .  dis tance i f  V, i s  held between 60 (perhaps lower) and 
100 f t / s e c .  and K is held between 2.5 and 4.0, t h e  m i s s  d is tances  
a r e  very s m a l l .  The above comparison r e f l e c t s  t h e  need f o r  
addi t iona l  horizontal  veloci ty  as t h e  downrange dis tance i s  in- 
creased. If K i s  held t o  between 3 and 2.5, then t h e  ve loc i ty  
range can be expanded from 40-100 f t / s e c .  These r e s u l t s  show a 
f a i r l y  l a r g e  region of K and Vo values f o r  successful operation. 
However, they  do suggest the  a d v i s a b i l i t y  of biasing t h e  approach 
ve loc i ty  on t h e  high side since high v e l o c i t i e s  (up t o  100 f t / s e c .  
or possibly b e t t e r )  a re  handled very well from the  standpoint 
of attair?i?g the  t a r g e t  point with a minimum m i s s  distance.  
should be pointed out, however, t h a t  there  a r e  several  high 
ve loc i ty  t r a j e c t o r i e s  for  t h e  Modified Basic Proportional Law 
where although t h e  i n i t i a l  tilt back angle i s  kept reasoiably 
s m a l l  and overa l l  v i s i b i l i t y  i s  i z l i t i a l l y  improved, t h e  vehicle  
overshod,s t h e  t a r g e t  but reverses i t s e l f  while i n  f l i g h t  and 
makes p e r f e c t l y  acceptable landings without missing t h e  inteided 
t a r g e t  point.  On t h e  other hand, t h e  Basic LOS never causes 
vehicle  overshoots while i n  most cases making acceptable landings 
(CiepenCiFng mnrP on K j  Vo> for successful landings). However; it 
has t h e  disadvantage of providing no v i s i b i l i t y  t o  t h e  intended 
landing point.  Therefore, t h e r e  i s  a t radeoff  involved, i n  
comparing t h e  Modified Law t o  t h e  Basic Law, between some vehicle  
overshoct with f a i r  v i s i b i l i t y  and no vehic le  overshoat but 
p r a c t i c a l l y  no v i s i b i l i t y .  It should a l so  be indicated t h a t  i f  
t h e  Modified Law i s  applied, a f ixed value of S grea te r  than 2.1 
may be used. A s  indicated i n  Section 3.5.1.3 values of S g r e a t e r  
than 2.1 caniot be allowed f o r  t h e  Basic Law due t o  the  i n i t i a l  
a t t i t u d e  constraint .  The f l e x i b i l i t y  of t h e  choice i n  S f o r  t h e  

A s  previously 

For t h e  

It 
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3.6.2 (Continued) 

Modified Law will result in obtain- satisfactory trajectories 
with a wid- range of K, Vo values. Thus, perfect landings with 
near zero miss distances, which would be an improvement over the 
miss distances shown in Figure 12 and 16, will result. 

3.6.3 AV Required as Affected by K Gain and Initial Velocity 

Figures 13 and 17 are plots of the A V  required for down- 
range distances (do) of 1000 and 2000 ft. respectively. They 
both show that the AV limitation of 640 + VO is not exceeded for 
ranges of velocity of 20-100 ft/sec. arid all values of K considere 
(2.0-4.0). 
over a velocity range of 0-100 ft./sec. The results for the Basic 
Law shown in Figure $a Section 3.5.2 with regard to AV budget 
indicate that for combinations such as K = 3.5, Vo = 40, or K = 
3.0, Vo = 30, the budget is exceeded (as determhed by formula 
(3), (4) in Sections 3.5.1.3, 3.5.1.4). For the Modified Law 
(Figure 13) at 1000 ft. downrange, these points do not exceed the 
AV budget. 
distance is negligible. However, further inspection of Figure 
16 f o r  2000 ft. downrange using the Modified Law shows a con- 
siderable miss distance of approximately 250 feet for K = 3.5, VO 
= 40 and would show a similar magnitude of miss distance for K = 
3.0, VO = 30 ft/sec. The results for 2000 ft. downrange for the 
Basic Law were not obtained, however it is expected that the A V  
budget would be exceeded by an even greater amount than for the 
1000 ft. case. So that although the improvement over the Basic Law 
by the Modified Law for do = 2000 ft. is questionable, the improve- 
ment is considerable for the case of 1000 ft, downrange distance. 

In addition, f o r  1000 ft. downrange AV is not exceeded 

In addition, a check of Figure 12 shows that miss 

Reducing the value of K for low values of Vo will help the 
Modified Law just as it helped the Basic Law to meet the constraint 
requirement, as discussed in Section 3.5.2.5 However, it is expectec 
that fewer adjustments of K would be required for the Modified 
Law. 

3.6.4 Initial Pitch Angle as Affected by K Gaig and Initial Velocity 

Figures 14 and 18 for 1000 and 2000 ft. respective downrange 
distances show the vehicle initial total pitch back angle measured 
between the horizontal and the vehicle positive X axis, when the 
.Modified Law is applied. 
1000 ft. downrange to target, the design constraint angle of 120" 
is not exceeded for velocities up to 60 ft./sec. The velocities 
can go up to 80 ft/sec. for 2000 ft. downrange to target. 
Figure 8b illustrating pitch angle when the Basic Law is applied 
shows that the design constraint is exceeded f'or the same K range 
with lower velocities at approximately 53 ft/sec. It also appears 
that the pitch back angle increases very rapidly in the Basic Law 
and much less rapidly in the Modified Law as velocity is increased 
above 60 ft,/sec. This occws in the Modified Law because a large 
contribution of the total thrust vector, command comes from 

For K values between 2.0 and 3.5 and 

However, 
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3.6.4 (Continued) 

amplification of t h e  grav i ty  term. This increases t h e  upward 
component of t h r u s t  and i n  t u r n  makes t h e  t o t a l  t h r u s t  command 
closer  t o  v e r t i c a l ,  which t h e  vehicle a t t i t u d e  follows (a r i g i d  
connection between x ax is  and engine had been assumed f o r  t h e  
evaluation of t h e  Proportional Law). I n  conclusion then, t h e r e  
appears t o  be a decided advantage i n  t h e  Modified Laws'  a b i l i t y  
t o  take  l a r g e r  v e l o c i t i e s  without requiring as grea t  an i n i t i a l  
vehicle  p i k h  t a c k  angle as needed f o r  t h e  Basic Law. 

3.6.5 Touchdown Pi tch  Angle Rates as a Function of K Gain and I n i t i a l  
Velocity 

Table 4 i l l u s t r a t e s  t h e  a f f e c t  of i n i t i a l  ve loc i ty  and K 

Examigation of t h e  t a b l e  ind ica tes  t h a t  5" /sec. 
gain constant on touchdown argular  rates of a 1000 f t .  down- 
range t a r g e t  - 
i s  exceeded (by 3.1") i n  only one case f o r  K = 2 and Vo = 20 f t . /  
sec. All other  combinations of K and Vo give s a t i s f a c t o r y  touch- 
down a t t i t a d e  rate. 
it i s  seen t h a t  t h e  touchdown angular ve loc i ty  i s  reduced t o  very 
s m a l l  values. Comnarison of Table 4 with Figure 8c shows t h a t  
although t h e  Basic (vmnodified) Law i s  adequate f o r  values of K 
above approximately 2.2, t h e  Modified Law r e s u l t s  i n  touchdown 
angular rates below 5'/sec. over a g r e a t e r  spread of K and Vo 
values (incPJding most K = 2.0, Vo combinations). 

As nore t i m e  i s  allowed v i a  increase i n  K, 

3.6.6 P i t c h  Att i tude a t  Touchdown as a Function of K Gains and I n i t i a l  
Velocity 

Figures 1-5 ar,d 19 show t h e  p i t c h  a t t i t u d e  a t  touchdown f o r  
a t a r g e t  a t  1000 ar=d 2000 ft. downrange. 
t h a t  the  vehicle  tonchdown a t t i t u d e  a t  1000 f t .  downrange is  
s a t i s f a c t o r y  f o r  a i l  bi;li m e  or" t h e  K, Vo combinations ( K  = 4, 
Vo = 0) and t h i s  i s  only past  the  5" bound by 1". 
i n i t i a l  ve loc i ty  would probably put it within t h e  l i m i t .  Table 5 
shows p i t c h  a t t i t x d e  a t  toxhdown using t h e  Basic Law. If a 
comparison i s  made betwem t h e  Modified and Basic Laws f o r  
various K, Vo combinations wkich a r e  common ( K  = 4 i s  not in- 
cluded i n  Table 3, so no comparison can be made f o r  t h i s  value),  
it i s  see2 t h a t  t h e  Basic Law produces almost equally satis- 
factory r e s u l t s  with t h e  exception of t h e  K = 2, Vo = 70 point  
where touchdown a t t i t u d e  exceeds t h e  l i m i t  5" by 1.5". Figure 
19 showing p i t c h  a t t i m d e  a t  tcuchdown f o r  2000 f t ,  range, does 
not show results as g o d  as t h a t  obtained f o r  1000 f t .  downrange 
(both using t h e  Modified IXS Law ), Values of ve loc i ty  must exceed 
40 f t / sec .  i n  order  t o  r e s u l t  i n  good a t t i t u d e  touchdowns o r  
e l s e  K must be lowered below 3.5 i f  t h e  ve loc i ty  exceeds 20 f t /  
sec,  This ind ica tes  t h a t  g rea te r  v e l o c i t i e s  a r e  required t o  
achieve grea te r  downrange landing points, i f  a change i n  K i s  t o  
be avoided. On t,he c ther  hand, i f  changes i n  K a r e  allowed, then 
t h e  system can perform s a t i s f a c t o r y  landings a t  g r e a t e r  dom- 
range distances.  

Figure 15 ind ica tes  

A small 
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TABLE 4 

Pitch Attitude Rates (&), ('/see.) at Touchdown - Modified LOS Law, 

1000 ft. Downrange Distance 

TABU 5 

Pitch Attitude (Q), (degrees) at Touchdown - Basic LOS Law, 1000 

Downrange Distance 
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3.7 COMPARISON OF MCOS AND BASIC LOS LAMS FOR S F E C I F I C  CONDITIONS 

3.7.1 Case 1: Zero Initial Velocity at Hover, Vehicle at 1000 ft. 
Altitude, Target 1000 ft. Downrange (do) 

Figures 9a - e show the more important cheracteristics of a 
trajectory produced from application of the Modified Law. 
should be pointed out that the trajectory is obtained with a zero 
initial velocity at the hover point and that the Basic Guidance 
Law could never achieve the target point for reasons mentioned 
in Section 3.3. Therefore, no detailed comparison can be made 
between the two except that the Basic Law is clearly unacceptable 
for the perfect hover application. Examination of the figures 
shows that the vehicle performs the trajectory and achieves the 
target point meeting all constraints, as stated in Section 2.3.2, 
when the Modified Law is used. It does so without losing window 
visibility to the target, and has the horizon in view for 
practically all of the flight, 
never approach the maximums allowed and they approach 90" and 
zero "/see respectively as the target point is approached. Thrust 
levels are reasonably constant after the initial dip, and vertical 
velocity is less than 10 ft/sec with approximately 470 feet down- 
range to go and 300 ft. attitude, 
than 5 ft/sec with 70 feet to go downrange and the vehicle altitude 
at approximately 35 feet. 
conditions are much less and approximately approach zero. 

It 

. 

Pitch attitudes and pitch rates 

Horizontal velocity is less 

Touchdown velocity and angular rate 

Whether the target and horizon are within visibility limits 
is determined by the magnitude of the angle defined in Figure 9b. 
This is the angle (y  ) between the vehicle Z axis and the line of 
sight to the horizon. 
is considered visible when 10'2 4 2 
axis. In addition, the target is visible for 10'2 2 -6509 
wherep is the angle between the vehicle Z axis and the line of 
sight to target. 

Due to LE24 window configuration the horizon 
-65" measured from the Z 

3.7.2 Case 2: 
at 1000 Ft. Altitude, Target 1000 Ft. Downrange (do) 

40 ft/sec Initial Horizontal Velocity at Hover, Vehicle 

Figures 10 a - e describe the trajectory produced by 
application of the Modified Law for the above conditions. 
lla - e describe the trajectory produced by application of the 
Basic Law for the same conditions. The constants chosen for both 
laws are identical except for the value of S used. For the Basic 
Law S = 2.1 is chosen. 
The choice of a fixed S is determined from the standpoint of 
giving the largest number of acceptable trajectories with widest 
variations of K and Vo. See Section 3.5.1.2, 3.5.1.3 which 
discusses the limitations on S and see Figure 8, Section 3.5.2 on 
K, VO variations for the Basic Law. 

Figures 

For the Modified Law S = 4.0 is chosen. 

Figure 10a and lla - Vertical velocity starts to decrease 
from its maximum point of 19 ft/sec. much earlier using the 
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3.7.2 (Continued) 

Modified Law (Figure loa)  than with t h e  Basic Law (Figure l l a ) ,  
(Range t o  go of 525 vs. 300 f t . ) .  Horizontal ve loc i ty  i s  below 
t h e  touchdown l i m i t s  of 5 f t / s e c .  w i t h  100 f t  range t o  go t o  
t a r g e t  i n  Modified case, vs.  75 f t .  t o  go i n  t h e  Basic case. 
Total  ve loc i ty  is  down much more rapidly i n  t h e  Modified case as 
t h e  landing point i s  approached. 

Figure 10band l l b  The horizon (determined by ;e ) i s  within 
s igh t  f o r  both cases. 
barely) f o r  most of t h e  descent but ge ts  better as t h e  t a r g e t  i s  
approached f o r  t h e  Modified case. For t h e  Basic case, t h e  t a r g e t  
(determined by point B) starts i n  s igh t  but i s  l o s t  and g e t s  
worse as t h e  t a r g e t  downrange dis tance closes t o  500 f t . ,  a 
considerable dis tance from t h e  landing s i t e .  It should be noted 
here t h a t  t h i s  i s  one of the bes t  v i s i b i l i t y  t r a j e c t o r i e s  for 
t h e  Basic Law ( f o r  do = 1000 f t . )  and i n  general r e s u l t s  have 
bee3 t h a t  improvement i n  v i s i b i l i t y  have been more decis ive i n  
favor of t h e  Modified Basic Law. 

The t a r g e t  i s  within s ight  (Just  

Figure 10 c and l l c  - The Basic Law exhibi ts  higher a l t i t u d e  
c h a r a c t e r i s t i c s  f o r  t h e  same downrange distance.  This may be of 
some advantage depending upon t h e  sever i ty  of t e r r a i n  conditions. 
If t h i s  problem f o r  t h e  Modified t ra jec tory ,  a f ixed a l t i t u d e  
bias may 5 e  inser ted and t h e  touchdown may be completed with a 
v e r t i c a l  letdown. 

Figures 10d and l l d  - Vehicle P i tch  Atti tude are within t h e  
a t t i t u d e  constraint  l i m i t s ,  but t h e  Modified t r a j e c t o r y  produces 
an upright vehicle  posi t ion much sooner than the  basic ,  although 
t h e  i n i t i a l  vehicle lean back i s  somewhat grea te r  f o r  t h e  Modified 
case. 

Vehicle p i t c h  r a t e s  i n  t h e  Modified case h i t  a peak of 7.5"/ 
sec a t  t h e  start  of the  t r a j e c t o r y  whereas p i t c h  rates i n  t h e  
Basic case are l e s s  than l " / s e c  f o r  t h e  whole maneuver. P i tch  
rates however get below t h e  a l l o t t e d  5"/sec rate f o r  touchdown 
before 30% of the  t i m e  t o  go has elapsed, and a t  touchdown 
approach zero. 

Figures iOe and l i e -  T'nrust p r o f i l e s  are good f o r  both with 
no abrupt changes required. The P V ' s  f o r  both t r a j e c t o r i e s  are 
approximately the same. 

Conclusions - Because of i t s  a b i l i t y  t o  complete a t r a j e c t o r y  
s t a r t i n g  a t  a zero ve loc i ty  hover and due t o  lower landing 
approach ve loc i t iesand  superior  v i s i b i l i t y ,  it appears t h a t  the  
Modified Law would be preferred. 

Comparison of t h e  Modified and Basic Guidance Laws f o r  cases 
of ve loc i ty  betweeq 0 - 40 f t / s e c  w i l l  y ie ld  much t h e  same r e s u l t s  
(Contimieg. rr. P. 82; 

LFD- 540-15 ORM G329 REV 1 8-64 

Contract No. NAS 9-1100 
Primary NO. 663 

G R U M M A N  AIRCRAFT E N G I N E E R I N G  C O R P O R A T I O N  
CODE 26512 



(THIS PAGE INTENTIONAXaLY BLANK) 
- .  

( 

LED- 540- 1 5  REPORT Contract No. NAS 9-1100 
24 November 1964P~~c Primary No. 663 

O R U M M A N  A I R C R A F T  E N G I N E E R I N G  c O R ? O R A T I O N  



c- 
w 
c3 

/ 

Contract No. NAS 9-1100 UiD-540-15 
Primary BO. 663 24 November 1964 



Page 40 

(THIS PAGE INTENTIONALLY BLANK) 

Contract No. NAS 9-lI.00 
Primary No. 663 

r . r -  - 
~ 

1 

-540-15 
24 November 1964 

a 



FIG 3 

I 1 

REPRODUCED FROM RETEZENCl?, 3 

Page 41 

I ' C  

FUYCTiONAL DIAGqAM OF GUIDANCE 
SYSTEV USED FOR iBV 7094 
3iGITAL ANALYSIS 

Tc 

+ -  ACCE L ERATI o N 
BIAS ERRORS 
ST E ADY PLAT FORM I I M U  t- DRIFT RATE 

i; INITIAL PLATFORM 

UPDATE N AV I GAT IO N UPDATE 
VELOCITY 

1 1 I 

fx 9 
1 I I I  I 

!-OR I ZONTA L 
VELOCITY ERROR 

m-540.15 
24 November 1964 *l)r 

Contract No. NAS g-llOO 
P r i m e 4  No. 663 



Pgge 42 

Contract No 
Primary No. 

(THIS PAGE INTJ~TIONAUY ~ F T  BLANK) 

NAS g-U.00 
663 

e 



FIG. 4 

i 

I 
I 
I 
i 

... 

. .  

COORDINATES FOR PLANAR TRAJECTORY 

. . . . . . .  - 

. .  - 

I 

i i 

. . .  . . . .  . -  

. .  
......... 

, . .  

, . -. ._ 

. . . . .  

. .  

- . .  
, ,~ 

, I  

I._ L 
! 

! 



Page 44 

(THIS PAGE INTENTIONALLY IJ3FT B m )  

Contract No. NAS P.ll00 
Primary No. 663 

-90-15 
24 November 1964 



Contract No. NAS 9-LlOO 
Primary No. 663 

3 



Page 46 

Contract No. NAS 9-1100 
Primary No. 663 

(THIS PAGE INTENTIONALLY LEET M) 

e 

JJ3D-540-15 
24 November 1964 



u -  
9 :  

Contract No. BAS 9-llOO e .  LED-540-15 
Primrary 110. 663 24 Noverr,ber 1964 

Page 47 



Page 48 

e 
(THIS PAGE INTENTIONALLY LEFT BLANK) 

, 

Contract No. RAS p.ll00 
Primary No. 663 



ec+a+7=3m 
& = 360 - (a + 7) 
 ARC TAN (k) 

V, 

LOCAL 
VERT IC AL - 

ACCELERATION 
COMMAND 

VECTOR 

Page 49 

f - 
N 

FIG 7 

DETERMINATION OF ,gc FROM N, AND 
Contract No. NAS 9- l lOO 
Primary NG. 663 

LED-54045 
24 November 1964 



Page 50 V L -  ” 

(THIS PAGE 1N”TIoNAuY Id3FT BLANK) 



. 

- ., 

! I  ! _ _ I  ' i I ! , , , v - D U I  , ~ , I I ~ I I I , I 

-90-15 
24 November 1964 

Contract No. NAS 9-1100 
primary No. 663 

b 

4 I 



Page 52 

I 
Contract No. NAS 9-1100 
Primary No. 663 

(THIS PAGE INTENTIONALLY LEFT BLANK) 

% 
* v  

1 . . ... 
IED-540-15 
24 November 1964 



, ... . . j !  

t -  
I 

i -  - 

. .  
* .  . .  

. .  

HORIZONTAL VE 

VERTICAL VEuXlTY 

I I 
-1 

I 
. .  



(THIS PAGE INTENTIONALLY IXFT BLANK) 

Contract No. NAS 9-1100 
Primary No. 663 

LED- 540-15 
24 November 1964 



Page jj 

Contract  No. NAS 9-11- LED-540-15 
Frimsry No. 663 24 November ly6k 



Page 56 
_ .  . 

(THIS PAGE INTEXTIONALLY LEFT M) 

-90-15 
24 November 1964 



I 

MLOS 

40  

30 

20 

. I G  

0 

- 1  c 

-20 

I 

60 

40  

2 0  

G 

- 20 

40 

-60 

-80 

. . * . I . . . . .  I . .  

i 
I -  I 

._ . 
C o n t r a c t  No. Ii'S 9-1100 
Primary No. 663 LED-540-15 

24 November 1% 



-. . , 

Contract No. nM FUOO 
Primary No. 663 I 

(THIS PAGE INTENTIONALLY IEFT M) 



-540-15 fl 24 November 1964 Contract No. NiiS g-llOO 
Primary No. 663 



Page 60 

e 
(THIS PAGE INTENTIONALLY LEFT BLANK) 

0 

Contract No. NAS 9-1100 
LED-90-15 Primary No. 663 

24 November 1964 



. . .  
I .  

. . . . . . .  i , - -  . ~ .  
-. 

I------- \-- - 

Ita 

I 

1 

SURFACE RANGE TO GO 

. .  . . . . . . .  

Primry No. 663 24 November 1964 



Page 62 

(THIS PAGE 1NTEN"IONALLY LEFT BLAMC) 

Contract No. IVAS 9-1100 
Primary No. 663 

LED-540-15 
24 November 1964 





Page 64 

(THIS PAGE INTENTIONALLY UFJ! -) 

Contract No. NAS 9-llO0 
Primary No. 663 

LED-54(=5 
24 November 1964 



Page 65 

Co::tract No. NAG 9-1100 LFD- 540-15 
Frimary No. 663 24 November l96k 



Page 66 

e 
(THIS PAGE INTENTImLLY LEFT BLANK) 

c 

Contract No. IUS + l l W  
Primary No. 663 

LEa-540-15 
24 November 1964 



Fage 67 

Contract No. NAS 9-llOO LFD-54-15 
Primary NO. 663 24 Nove;.,ber 1964 



Page 68 

(THIS PAGE INTENTIONALLY LEFT M) 

Contract No. IUAS 9-1100 
Primary No. 663 

LED-90-15 
24 November 1964 



Contr:,ct No. NAS 9-1100 
Primary No. 663 

LE'D- 540- 15 
24 November 1964 



(“HIS PAGE INTENTIONALLY LEFT BLANK) 



Contract No. NAS 9-1100 
P r h a r y  NO. 663 



... . 
Page 72 

Contract No. NAS 9-1100 
Primary NO. 663 

LED-90-15 
24 November 1964 



3 



Page 74 

Contract No 
Primary NO. 

a 
(THIS PAGE I N T E N T I O W Y  XXFI’ BIANK) 



- *  
PLge 75 

*-- 
Contr-.ct ?To. NJS 9-1100 
Prim,.ry NQ. 663 



Page 76 
- - -  

(THIS PAGE IN!CEWJ!IONAUY UFl' BUNK) 

I 

Contract No. IUS 9-1100 
'Primary No. 663 

Ln>-540-15 
24 November 1964 





Page 78 

(THIS PAGE INTENTIONALLY LEFT ELARK) 

a 

Contract Bo. NAS 9-1100 
Primary No. 663 

LEXJ-540-15 
24 November 1964 





Page 80 

(THIS PAGE IFrmwTIOmAUY LEFT B1cANK) 

a 

Contract No. NAS 9-1100 
Primary No. 663 

LED-90-15 
24 November 1964 



(THIS PAGE INTENTIONALLY LEFT BLANK) 

FORM G329 REV 1 8.64 REPORT LED- 540- 15 
DATE 24 November 1964 Contract No. NAS 9-1100 

Primary No. 663 
P ' . *  ' 

G R U M M A N  A I R C R A F T  E N G I N E E R I N G  C O R P O R A T I O N  
CODE 26512 



3.7.2 (Continued) 

F !ish+ 

$ys+eun 

Motion + Guidsnce 
Commands’ Con+ r o l  Ls UJ 

as the extreme cases just covered except with less pronounced 
affects. As the velocity moves closer toward the lower limit 
of 0, it will be increasingly more difficult for the Basic Law 
to perform a landing within the constraints set up, whereas the 
Modified Law would have less difficulty. 
approaches 40 ft/sec, both laws will tend to achieve the target, 
however the Modified will hit safe touchdown velocities earlier 
in the trajectory, and exhibit improved visibility characteristics, 
while approaching at a lower altitude. 

As the initial velocity 

vehicle 
Mot ion Sta-te 
4 S+a+e ’ \vleasuremen+ 

U n i t  

4.0 POLYNOMIAL GUIDANCE LAW (Ref. 11, 16) 

4.1 GENERAL DISCUSSION ON IMF’IEMENTATION OF POLYNOMIAL GUIDANCE L A W  

The simplified diagram fo r  a general closed loop, self 
contained guidance law implementation is shown in Figure PO. 

I V e h k \ e  S+a+e I 
Simplified Ciagram of Self Contained Guidance Law (Fig. 20) 

The fundamental elements are: 

(1) The guidance law, i. e. the criteria upon which commands to 
the vehicle based on vehicle existing and desired state are 
generated. 

The vehicle response (translation and rotation) to commands 
and its resulting state. 

The measurement of vehicle state by some type of measurement 
unit. 

Closing the loop by reporting back to the guidance law, the 
vehicle state so that the guidance law may generate updated 
commands. 

( 2 )  

(3)  

(4) 

The Polynomial 
same general pattern as discussed above, but is shown in more 
detail in Figure 21. 

Guidance Law implementation falls under the 
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IC. 1 ( Continued) 

The bas i c  Polynomial GGidance k w  cons is t s  of two pa r t s ,  
both fashionsd i n  t h e  gcnordl Fa t te rn  indicated i n  Figure 20 
and dzscr i ted  by eqzlations (;id) and (27) and (20)  i n  t h e  next 
sec t ion  4.2. 
and an a l t i t u d e  guidance l a w ,  

The two pa r t s  consts t  of a range guidance l a w  

The x n g e  guidance l a w  (?quation 24) var ies  as a function 
of tima (t) and depends on the  presFecified time of f l i g h t  
(tf) and t h e  do-mrange d i s t a n c  t o  dosired aimpoint ( 
K i s  a guidance gain comtant  which spec i f i e s  t he  Range-time 
t r a j ec to ry  cha rac t e r i s t i c .  The range guidance l a w  output i s  
the range coxmand (Re). 

form and equation (27) i n  f i n a l  form) i s  dependent on t h e  
instantaneous measared dohnmnga d is tance  ( R I ~ )  and i n  addition 
depends on the  i n i t i a l  a l t i t u d e  above the  t a r g e t  po in t  

- rAH or h- (hLG + Hsw)-7 ( S , P ~  tab12 i n  Section 4.2.8 f o r  

symbol def in i t i ons ) .  
cont ro ls  the t r a j ec to ry  shape (he vs. RIM). 
t h e  a l t i t u d e  guidance l a w  i s  the a l t i t u d e  command he. 

R) . 

The a l t i t u d e  guidance lax {equation (20) i n  s implif ied 

I$ i3 a guidance gain constant which 
The output of 

The following discussion rn fe r s  t o  Figure 21. I n  sequence 
of occurrence, the range command i s  varied as time increases.  
This causes vehicle  rang? t o  vary and then the a l t i t u d e  commanded 
var ies ,  so t h a t  t h e  range port ion of the guidance l a w  takes 
t h e  i a i t i a t i v e  and the a l t i t u d e  command follows changes i n  
range. Both tke range and a l t i t u d e  commands (Rc, Hc) after 
going tkrough a gain ad jds tmmt  are compared with t h e i r  re- 
spect ive measured quant i t ies ;  i. e. vehicle  range ( RIM) and 
vehicle  measxired a l t i t u d e  (KIM), 
and a l t i t u d e  error (eH) s ignals  are determined. 
range and a l t i t u d e  had FG&n pr2viously f ed  through a dynamic 
compensator ( s t a b i l i t y  coxFensation network t o  a i d  guidance 
loop s t a b i l i t y )  beforz comparison. 
a l t i t u d e  and rang-. a?. adjuqted i n  gain and t h e  output range 
and a l t i t u d e  t k n s t  command compcnents (THc, T R ~ )  are pro- 
por t iona l  t o  tha  error com-porxnts. 

A s  a r e s u l t  range e r r o r  (ed 
The measured 

The error s igna ls  i n  

For an i d ? a l  systex with no l i m i t s  on a t t i t u d e  o r  th rus t  
magr?itirde, a l l  t k - a t  wou3 Fe rzquired would be t o  convert the 
r e c t a i g d a r  thr7Jst  vec5or comFonents t o  a polar  coordinate 
t h n s t  vector  having a magnitid.;. and d i rec t ion .  
r e s u l t  i n  detcnnining t h n s t  magnitude commands (T,) and vehicle 
a t t l t i l de  commands (e, ) t o  o r i m t  the thrilst vector.  
e quat i on s b 5 lov a c eomp li 

This would 

The 
tkL 2 conver s i  on. 
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4.1  ( Continued) 

2 
Tc = (TH + TR ') ' 

C C 

Trre ac t ion  described by equation (14) would occur i n  the  
control  center  of Figure 21, i f  the re  was no r e s t r i c t i o n s  i n  
a t t i t u d e  and th rus t .  However, these  r e s t r i c t i o n s  will compli- 
ca t e  t h e  cont ro l  center  s t i l l  fu r the r .  (See ref. 16 f o r  
fu r the r  discussion. ) 

The guidance lax cont ro l  loops constructed by t h e  state 
and cormnand comparison produces a t h r u s t  and a t t i t u d e  command 
proportional t o  e r ro r .  The a t t i t u d e  loop formed may be  
recognized as bas i ca l ly  a type 2 cont ro l  system (due t o  vehicle  
i n e r t i a )  where a steady acce l le ra t ion  output requires  a con- 
s t a n t  ac tua t ing  e r r o r  s igna l  and e r r o r  i s  f u l l y  nul led with a 
constant ve loc i ty  input .  Eoth range and a l t i t u d e  loops are 
complicated by t h e  f a c t  t h a t  t h e  rectangular  t o  polar  t rans-  
formation must be performed and therefore  there  i s  an i n t e r -  
act ion between t h e  loops. 

Analysis(using t h e  root  locus) and simulation has shown 
t h a t  each loop i s  s t ab le  when decoupled. However, when the  
loops are coupled i n  a n  a c t u a l  simulation, i n s t a b i l i t y  occurs 
due t o  t h e  coupling of the slow ac t ing  a t t i t u d e  loop ( f o r  
la rge  commands) with the  range loop. 
by an empirical  method which l i m i t e d  t h e  vector  d i f fe rence  
between t h a t  which i s  commanded and that  which i s  provided 
by t h e  vehicle.  

S t a b i l i t y  was obtained 

Referring again t o  Figure 21, the a t t i t u d e  command i s  
fed t o  a simulated a t t i t u d e  cont ro l  system which includes 
vehicle r o t a t i o n a l  dynamics. The output of t he  vehicle  i s  
ro t a t iona l  motion. Both vehicle  t h r u s t  and a t t i t u d e  outputs  
are fed i n t o  t h e  simulated vehicle  t r a n s l a t i o n a l  dynamics. 
The output of th i s  i s  vehicle  t r a n s l a t i o n a l  motion. The t rans-  
l a t i o n a l  motion i s  sensed by the  vehicle  navigat ional  sensors 
and t h e  r e su l t i ng  outputs are measured range (RIM) and measured 
a l t i t u d e  (EIM). These are fed  through t h e  dynamic Compensators 
which c lose  t h e  a l t i t u d e  and range loops of t he  guidance l a w  
as previously described. 

0 

0 

a 
~~ 
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4.2 

4.2.1 

4.2.2 

AH 

4, 

THEORY AND DEVEI;OPMEZ\JT e? POT*YNOMIAL GUIDANCE L A W  
( A  Guidance i a w  f o r  Automatic Lunar Landing) 

Introduct ion (Ref. 11, 16) 

The Polynomial Guidance TELW w a s  developed a t  GAEC by H. Sperling 
& M. Rimer for t h e  automatic hover t o  tcuchdcwn maneuver. 
Select ion of t he  composition of t he  guidance l a w  was based 
on the  sapposit ion that range commands should be determined 
from i n i t i a l  t a r g e t  downrange d is tance  and some quant i ty  which 
r e f l e c t s  time used from a prese lec ted  time of f l i g h t .  This 
would constrain range commands t o  start a t  vehicle  i n i t i a l  
range and gradually apsroach the desired range as preselected 
time of f l i g h t  i s  approached. 

Another supposit ion was the a l t i t u d e  commands should be 
control led as a funct ion of t a rge t  i n i t i a l  a l t i t u d e  and range 
l e f t  t o  go. This constrains  the a l t i t u d e  command t o  approach 
the  desired value as the  desired range i s  approached. 

The above assumptions, when properly implemented, were the 
bas i c  f ac to r s  i n  the  development of a sa t i s f ac to ry  guidance 
l a w .  The proper implementation insured t h a t  the  range command 
be proport ional  t o  t a rge t  range and t h a t  the  vehicle  range 
command increases  (range being measured from the  i n i t i a l  
s t a r t i n g  poin t )  as time increases toward the  f i n a l  determined 
time of f l i g h t .  Proper implementation a l so  insures  t h a t  the  
a l t i t u d e  command would decrease t o  the  desired value as the 
downrange t a r g e t  i s  approached. 

The complete Polpomia l  Guidance Law cons is t s  of two 
command eqdatior-s; one f o r  a l t i t u d e  command and one f o r  range 
commands. The a l t i t u d e  gaidance l a w  i s  determined f i rs t ,  the  
range next.  
f i n i t i o n s .  

See l i s t  of symbols i n  sec t ion  4.2.8 f o r  de- 

Al t , i t , i ide  Guidance Idw Detemination f o r  Polvnomial Guidance 

Z'Tgil-e 22 
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4.2.2 ( Continued) 

A ty-pical des i rab le  commanded a l t i t u d e  (hc ) vs. a c t u a l  

The boundary conditions which must be s a t i s i f i e d  
range ( 3 ~ )  t r a j ec to ry  i s  shown i n  Figure 22 (see f u r t h e r  
discussion).  
are  : 

at: RIM = 0 , h =AH 

R I M = A R  , h = O  

The curve may be  normalized with respect  t o  t a r g e t  a l t i t u d e  
and range so t h a t  t h e  ord ina te  i s  represented by 

R the abscissa  by - as i l l u s t r a t e d  i n  f igu re  23. 

hc 
Ah 

and - 

AR 

0 

Normalized h, vs. RIM P r o f i l e  

Figure 23 

and = -, boundary conditions f o r  
A h  

f igure  24 are as follows: 

a t , y = ~ ,  ),=I 
a t 3  = 1, A =  o 

b Contract No. NAS 9-1: 
Primary NO. 663 EPOR? 

LND- 540- 15 
24 rhvember 196gATE 



PAGE 89 

4.2.2 (Continued) 

\ 
\ (17) 

\ 

0 

I - I  

Attitude Guidance Eq. Determination 
Figure 24 

It is necessary to obtain a function which describes the 
variation between Fnd as illustrated in Figure P3 
satisfying the boundary conditions. Define a function as 
follows: (See Fig. 24) 

X ( N >  =MN f o r  o SA4 1 (16) 
~ ( f i  ) = (-4 )N for O = A  z - 1  (1-7) < <  

This defines an even function regardless if N is odd or even. 

In order to obtain the desired function, part (17) of the 
above defined functior,, is shifted to the right by one unit. 
This is performed by making the substitution4 =/Lc -1 in (17) 
as follows: 

A(&)  = ( - ( A -  NN = (1 -WN (18) 

The boundary cocditions (15 )  are satisfied by equation (18). 
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4.2.2 (Continued) 

x 

Altitude Guidance And Boundary Eq. Determination 
(Figure 25) 

To obtain a trajectory of a desired general shape requires 
proper selection of the value of N. 
25 (the shape of the fuction is observed in the ranges from 
N = 0 to N) 1). 

for ~ > 1  

for N =1 

for ~(1 

These are indicated in Fig. 

They are as follows: 

a concave (or sagging) trajectory is obtained 
a linear (straight line) trajectory is obtained 
a convex trajectory is obtained 

The guidance law equation, upon substitution for khe 
( 1s variables h and 4 in @) becomes hc = AH (1 - 4) 

4.2.3 Generalized Altitude Portion of Polynomial Law 

Although the guidance law derived above and studied in detail 
in Ref. 16 does not have the complete capability of producing 
a trajectory of any possible shape, it is possible to extend the 
guidance law to a generalized form which approaches this capabilil 
The generalized function may be obtained by applying a similar 
procedure to the one used previously. 

The desired expression is obtained by adding all terms of 
lower order to the Nth term (see (18)) forming the general 
polynomial as follows: 

... + dl (4) + ao(-y)' 
1 -4)N-l + ... + dl (1 -4  + do 

N-1 + A (4 1 = dp (-4IN + dp-1 ( -4) 
N Shifting one A(&) = dp(l -M) + dp,l ( 

Substitution for the variables results in 
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4,2.3 (Continued) 

or 
D 

RIM h 
AR AH since the boundary conditions - = 0, 2 =1 '7 d i = l  

i = l  

must be satisfied 

Equation (20) is the expression for the generalized guidance 
law, which however was not carried any further since it appeared 
that guidance law (18) with N>l was sufficient for the study. 

4.2.4 Range Guidance Law Determination 

A typical desireable range vs. time trajectory is shown in Fig. 
26. 

4.2.4 Range Guidance Law Determination 

A typical desireable range vs. time trajectory is shown in Fig. 
26. 

AR -- 

I * t  
tf 

Range Vs, Time Trajectory (Figure 26) Range Vs, Time Trajectory (Figure 26)' 

It satisfies the required bozndary conditions that at t = 0, R, 
= 0 and at t = tf, Rc = A R. 
monitonically decreasing range velocity command (slope decreasing) 
as time increases and the final range velocity commanded (s 
approaches zero as t approaches tf. Note that a downrange velocity 
(other than zero) exists at t = 0, since the slope of the function 
is not zero. 

In addition the curve exhibits a 

In a manner similar to the procedure used for determining the 
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4.2.4 (Continued) 

altitude function, the range function may also be determined as 
follows: 

Step (1) Normalize the curve in Fig. 26, which becomes Fig. 27. 
= & and \ = t  
A R  tf 

Normalized Range Function I 
(Figure 27) 

Step (2) Define the following function 

7 = YK O & T h  (21) 

- 1 < y \ &  0 (22) 

K > 1* 
Equation (a has the desired shape characteristic (See Fig. 

28), but must be repositioned to satisfy the required boundary 
conditions 

Range Guidance dq. Determination (Fig. 28) 
7 Ir > 1, since K& 1 would produce a slope which does not approach zero, asy\ 
increases in (22). 
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4.2.4 (Cont nued ) 

Step (3)  
t he  function (22) t o  the  r i g h t  by one u n i t  (perform t h e  subs t i t u t ion  
\ = '2 -1) and then sh i f t i ng  the  function i n  a pos i t i ve  

Perform as  follows: 

Repositioning o f  t h e  function i s  performed by s h i f t i n g  

d i r ec t ion  by one u n i t  (perform t h e  subs t i t u t ion  5 = 4 - 1). 

The required boundary conditions a re  

and they a r e  s a t i s f i e d  by (23). 
and may be wr i t ten  a s  (2b),  t h e  range port ion of t he  Polynomial 
Guidance Law. 

Thus (23 i s  t h e  desired equation 

F '  1 

(24) 

Note t h a t  s ince the slope of t he  funct ion before t h e  s h i f t  

= 1, 7 = 1, t h e  slope remains zero (See Fig. 27 and 28) 
w a s  zero a t  t h e  or igin,  then a f t e r  t he  s h i f t  a t  t h e  corresponding 
point 
forcing the  downraz?ge ve loc i ty  comnand (Re) t o  be zero (dRc = 0) 
a t  t = tf (by t h e  end of t h e  f l i g h t ) .  

- 
d t  

A desireable  requirement which should be imposed on both t h e  
a l t i t u d e  and range guidance l a w s  i s  t h a t  t h e  v e r t i c a l  ve loc i ty  
command dh approach z.ero as the  range approaches t h e  desired 

(*) 
value. Ixbis seen t h a t  dhc 3o as RIM +m. Also dRe -0 - 

(dRTM a t  -- - 
as  t+tf .  - Also t h e  product dRc . & + as t+tf. If Re 

E d R I M  
and RIM a r e  equal than dhr ,O as  t --IC tf. 

d t  

Re and RIM should approach each o ther  c lose ly  as R - A R  
s ince i f  t he  guidatzce law and vehicle  cont ro l  loop together  a r e  
functioning properly the vehicle  would be following commands well 
enough t o  minimize the e r ro r  between Re and RIM. 
not t h e  case, the2 t h e  guidance l a w  could under no circumstances 
take the  vehicle  t o  t h e  desired landing point .  

I f  t h i s  were 
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4.2.4 (Continued) 

Another desireable requirement affecting both laws which 
should also be imposed is that the altitnde commanded velocity 
shall monotonically decrease as the downrange target is approached. 
This occurs if - dR,c" and C c  both monotonically decrease and if 

dt dRIM 
Re and RIM are nearly equal. 
law (19) and for K) 1 in the range guidance law (24) both 
derivatives monotonically decrease, therefore the commanded 
vertical velocity dk also monotonically decreases. It may 

be possible to have N < 1 so long as the - dRc decreases faster than 

- dhc 
dRIM 
N would allow selection of a convex rather than a sagging tra- 
jectory if so desired (See Fig. 25) provided the aforementioned 
condition with regards to Rc and RIM is met. 

For N > 1 in the altitude guidance 

(2) 
at 

increases as t +tf. This flexibility in the choice of 

4.2.5 Generalized Range Portion of Polynomial Law 

A similar procedure to that used in determining the range 
function may also be used to obtain a generalized function for 
range which could approximate a desired function. This may be 
accomplished by taking the highest (@h) order term and adding 
terms of lower order (with coefficients) to obtain a polynomial 
which satisfies the trajectory requirements imposed. This 
function would take the form 

9 (1 -y\ )Kj 
j = 1  

n &  cj = 1 

j = 1  

since at t = 0, Re = 0. 

Kj > 1 for monotonically decreasing range velocity command as 
t -tf 

4.2.6 Introduction of a TemidCuttoff for Polynomial Guidance at a 
Point Above the Lunar S-wface 

In order to perform a proper landing the distance from the 
vehicle CG to the landing gear pad (u) must be taken into 
account in the guidance law. In addition, to allow for errors 
in guidance and perform a well controlled descent, it was decided 
to guide by means of the Polynomial Law only to a target hover 
point (with zero velocity) at some distance ( h s w  - measured from 
the landing gear pad) directly above the target. The descent 
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4.2,6 (Continued) 

then be completed by a direct vertical descent to be discussed 
later, This reduces the altitude above aimpoint to less than 
h by the amokic_rlt h u  + h,w and the altitude portion of the 
generalized Polynomial Law (TO) changes to the following 

The Polmomial Guidance Law which is actually used, see 
equatim (19) also changes accordingly 

This is the altit?~de portion of the Polynomial Guidance Law in 
its final form, The range command equation remains unchanged. 
See eqGation (24) 

In summary the Polynonial Guidance Law presented (as equations 
('24) and (27 )  corstrains the following parameters via guidance 
commands as indicated: 

1. 
2. Predetermined vehicle downrange distance to target end point 

3. Predetermined vehicle altitude distance to target end point, 

4. Predetermined nominal a1titd.de vs. range profile for a given 

5. Downrange and altitude velocity, as the aim point is approached, 

6. 

A Predetermined time of flight (tf) I 
. ( AR). 

set of initial and boundary conditions. 

is constrairAed to approach zero (and decrease monotonically). 

IntroductiGn of a termination point at some fixed altitude 
above the lmar surface. 

I 4.2.7 Terminal Descezt to To-xhdom After Completion of Polynomial 
Guidance Law Phase - I 

Once the termir;a%ion point for Poly-nomial Guidance has bee2 
attaised with zero velocity conditions, it remains to proceed to 
touchdowr, It has bee? foutd  advantageous to employ a vertical 
descezt with a constant vehicle attitude in order to limit 
attit-de rates and angles off vertical at touchdown. A constant 
vehicle vertical acceleration command guidance law was implemented 
to complete the descens. This was later proven successful in 
computer runs which simulated the descent. The value for the 
accelerat,ion in the guidance law was computed based on a given 
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4.2.7 (Continued) 

initial velocity and final velocity desired and measured height 
above the surface. The formula used is: 

. o .  

This method requires little computation since A, need be 
determined only once (although this is not a necessity)# since 
fixed boundary conditions specify the complete formula. 

This formula however may be more sensitive to error in 
velocity due to squaring of the quantities in the numerator 
resulting in errors in touchdown velocities. A constant velocity 
command may prove to be less influenced by error since it is 
directly proportional to velocity. 
command law (28) has the advantage that a zero end velocity may 
be specified, an acceleration command law implies that there will 
be an acceleration at touchdown which can be translated into 
an additional force acting on the vehicle. Since engine cutoff 
prior to or at touchdown is a separate problem in itself and 
has been studied elesewhere (Ref. 17) it was felt that equation 
(28) would be satisfactory for the purposes of this study. 
Navigation and Guidance equipment errors were introduced in this 
study and the results of their affect on touchdown point conditions 
are presented in LMO-500-110 (Ref. 16). 

Although the acceleration 
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4.2.8 LIST OF SYMBOLS USED FOR POLYNOMIAL L A W  

2 constant acceleration command, ft/sec 

generalized guidance law coefficient 

generalized guidance law coefficient 

vertical distance from landing gear to C.G., ft. 

predetermined altitude at termination of Polynomial Guidance, ft. 

altitude command, ft. 

altitude differential, ft. (See eq. 26) 

measured altitude at termination of Polynomial Guidance, ft. 

measured vertical velocity at termination of Polynomial Guidance, 
ft/sec 

estimated vertical velocity at termination of Polynomial Guidance, 
ft/sec 

desired vertical velocity at touchdown, ft/sec 

generalized guidance law again 

guidance law gain 

generalized guidance law gain 

guidance law gain 

positive integer 

positive integer 

range command, ft. 

measured (or estimated or computed) range, ft. 

Total desired range, ft. 

time, sec. 

total time of flight under Polynomial Guidance, sec. 
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4.2.8 LIST OF SYMBOLS USED FOR POLYNOMIAL LAW (Continued) 

t 
y\ non-dimensional guidance law independent variable (-) 

non-dimensional guidance law independent variable (-) 

non-dimensional guidance law dependent variable (2) 

t f 
RC 
AR 

h 
Ah 

5 
x 

R 
AR 3 non-dimensional guidance law variable (a) 
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APPE-ns;3IX A 

DETAILED DESCRIPTION CF EQVATICNS IN FXEZ3 TO TOUCHDOWTI SIMULATION PROGRAM 
L' SING PROPX3Ti'JNAL NAVIGATION LAWS 

(Inclxdes Symbol Definitions) 

Geieral 

Figure 29is a dezailed -clock diagram showing the basic equations used 
in tke program to perform tr-e feetic23 as previously described and illus- 
trated in Figure 2 discwsed in Sectio:: 3.4. The interflow of signals 
lxtween blocks is also shcwn in greats detail. A discussion follows which 
will describe the  compxtations acd eqi-iations involved in each block of 
Fig'ue 3, and the major ass'mptioirs made will be indicated. 
list and figures for definitio- of terms used. 

See following 

AttitLcde and Ennine Dvriamics 

These equations describe the change in vehicle inertia (I) as a function 
They also describe the vehicle pitch attitude (e)  and of fuel burn off rate. 

attitude rate (e)  response to commands, The response is based on a linear 
second order approximation of the stabilization and control system with no 
consideration given to vehicle Fbalance. 
the maximum vehicle pitch rate (QEXT) between simulation computer sampling 
intervals. 
mation of vehicle dynamics. The engine thrust and thrust rate output responses 
are described by a linear first order  lag system. 

A calculation is made to estimate 

This representation is based on the linear second order approxi- 

Translational Dynamics 

The block of equatiois expresses the mass (m) and mass rate (h) of 
change of the vehicle, based cz1 a comtant Isp. 
tion (E;) and the central angillar acceleration ($) as the vehicle translates 
are expressed in terms of the thr-ust magnitude and direction and the varying 
lunar g field. This g variation is expressed as an inverse square law relation 
ship of distance ke+,wezn the LEM and the lunar mass CG. The assumption that 
vehicle attit-Jde and thrust vector are rigidly fixed with respect to each 
other is employed (elimination of trim gimbal simulation) in order to simplify 
vehicle represestation. 
determined by integration of vekicle tracslational accelerations. 

The vehicle radial accelera- 

Radial am3 cegtral angular position and rates a re  

- Transformation of Icertial Cocrdinates (See Figure 4) 

This computation results in generation of the actual gravity acceleration 
acting on the vehicle based on actual vehicle position. 
rectangular compor,ents of the gravity acceleration vector are determined. 
(The term "actual1' refers to expected positioi of the vehicle based on physical 
laws as opposed to measured positio3 of the vehicle based on sensor navigation- 
al measurement s, ) 

In addition, actual 
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Actual Thrmt Velocity Increment 

The incremental chaxge in vehicle velocity due to thrust is determined 
by obtaining thz difference of previous and present velocity data and removing 
the component which was due to the affect of gravity. 
incremectal velocity change due to thmst only. 

This results in the 

IMii Sezsed Thrust Velocity Increme2t 

%is block determirles the velocity increnents that would be measured by 
and IMU which has bias errars (ex, ey) acd platform angle errors introduced 
in an actual platforn? angle (e,) e 

Navigation (Integration) 

I W  sensed velocity increments due to 'ihrust  hi^^, A ~TS) are added to 
previously updated velocity data  AM^, f&iC 
to this is added computed gravitational incremental velocity which is not 
sensed. (This calculation is based on the assumption that the value of g 
changes linearly from the previons computatioral period to the next so that 
the expected value of g may be predicted. Presert g cannot be calculated 
directly since the new vehicle positioi? (VM) is not yet determined.) The 
summation of the above quantities will result in total measuret vehicle ve1oci-t 
(h, 2~). Rectarg'dar position and velocity data Xm, 2111, Xm, &) is converted 
(See Figure 4) to data referenced to a cylindrical coordinate system 
(m, &, &), In addition horizontal velocity (Vtan, in a direction parallel 
to the inertial X axis) is computed. 

derived from radar measurements) 

Gravity Computation for Navigation 

This computation is based on measured vehicle radial distance from the 
moon's CG based on the inverse square law. The radial distance is determined 
from the navigation compukations. 

Guidance Law (In Addition See Figure 5) 

This block colzsists first of computation of preliminary relative para- 
meters between the LEM and target point prior to the guidance computation. 
mese quantities are: 
rectangdar coordinates of range (X~L, ZSL), LOS angle (v) based on navi- 
gation (measured)ir-puts. 
data or on IMiT data only. 

relative cextral angle (#TG) relative range ( FQL), 

) is computed based on radar Flight path angle ( 
From the above data the lead angle (L) is determine 

The guidance conputation is then performed based on both the Cicolani 
Guidacce Law and the modification of the Proportional Guidance Law as pre- 
viously discussed in Section 3.2 and 3.3. 
acceleration command.components along the velocity vector (V,) and normal to 
the velocity vector (Ne). 
direction with respect to the velocity vector ( O C )  is computed and converted 
to vehicle referenced thrust and attitude commands. 

The guidance lawsoutputs are 

The total coma-ded acceleration magnitude (A,) and 
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APPE-mIX A (Cont'd) 

Lunar Surface (In Addition See Flare 5) 

The comp-i*tation of the lwar mrface inertial coordinates directly below 
tke LEM as a functioi of LHYl cer,tral angle ($a) is performed either for a 
spherical moon or for a mom with a linear inclined surface. The surface radius 
(k) is a constant as a function of central angle for a spherical moon and 
vehicle altitude may'3e determined by a subtraction of this constant radics 
from present vehicle radius (ra). 
surface point coordinates (a, XG) vary as a function of target central angle 
($T) and slope of the ixline. 
the preselected target poiylt making an azgle o f 4  T with the local horizontal. 
The Pmar surface radial distance (Q) is computed from the lunar surface 
rectangdar coordinates, ar-d then the altitude above the lunar surface is 
determined by subtractior, of silrface radim from vehicle radius (ra) as pre- 
vio-xly. 
cc xdinates tk-rough which the ix1iKed s-zface mxt pass 

For the linearly inclined surface, the 

The inclined surface is assumed to pass through 

The Initial Set-up Calculatior is -;sed to insert the target point 

Radar 

This block* of equations enables compL5ationx of the altitude (hR), 
altitude rate (h~), acd horizomal velocity (VJ) which would result from re- 
solved radar measurements. 
c9mputation of the intermediate quantities for altitude (h*), altitude rate 
(h*), and horizontal rate. 
platform angular error (Qp) off the inertial reference axes which are intro- 
&xed in the resolution using perfect radar data, To introduce radar sensi- 
tivity or bias errors, it is necessary first to decide which is the larger 
error and second to use the larger o_re in the determination of the total radar 
error. This error is added to the intermediate quantity to produce a simulatior 
of what the radar wozlld tveasnre. The compatational equations are accurate for 
ar,tenna beams whose pointing directioz;s are close to the local vertical. 

An intermediate step in this determination is the 

These quantities reflect only the introduction of 

Update Target (In Additioi See Figze 5) 

Rnploying inertial and radar navigational position data (rm, Xm, &) and 
altitude measurements (hr) , the surface coordinates directly below the LEM 
along its local vertical are first calculated (RGM, XGM, ZGM). 
central angle of the target point ($T) and coordinates of the surface directly 

iavigation computations, the most rece:.lt target radius (rT**) is determined. 
The target radius r T  is determiEed by averaging the previous rT with the most 
recent (rT**) calculation. The coxdinates of the target points (XT, ZT) are 
also computed a 

Using the 

b e l o u  the alo,zg its lccal vertical (FG,M, Xz;ivi, a x )  for f r r n  C-rnCeccivn " W "  U C I b  U U I Y L  

Update Velocity 

The vehicle velocity meascred cornponents (XMC, k ~ ~ )  are obtained by 
resolving vertical and kiorizoxkal components obtained from the radar block 
along the X and Z axes. These velocities are utilized by the navigation block 
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of equatior-s to update its velocity computatiocs. 

Komenclature 

The following terminology is used throughout this report for the 
Proportional Naviga'Lion Law, ualess otherwise indicated. 

DEFINITION 
2 acceleration (ft/sec ) 

constants 

accelerometer bias error, adjusted for sampling rate (ft/sec) 

RCS torque 

acceleration due to luiar gravitational field (ft/sec ) 

altitude above lunar surface (ft) 

principal moment of icertiaEiboi;t LEM y-axis (slug-ft ) 

specific impulse of main engine fuel (sec) 

guidance law constant 

modulator gain 

rate gyro gain 

radar altitude scale factor and bias errors, respectively 

radar altitude rate scale factor and bias errors, respectively 

radar horizontal velocity scale factor and bias errors, 
respectively 

lead angle; the misalignment of the velocity vector from the 
line-of-sight direction (See Figure 6) 

Sine-of-sight from LEM to target (See Figure 6) 

mass (slugs) 

normal to the velocity vector in a 90" CCW direction (See 
Figure 6) 

mean radius of lunar surface (ft) 

actual radius of lmar surface (IY) at a particular central 
angle 

2 

2 
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APF'EIXDIX A (Cont'd) 

DEFINITION 

radius of lunar surface determined from inertial measurements and 
radar measurements 

slant range distance from LFN to target (ft) 

radial distance from moon center (ft) 

ALTIWE OF TARGET SURFACE above reference surface (ft) 

guidance law constant 

thrust (lbs) 

remaining time of flight computed from Tfo - t, used in modified 
law 

preselected initial time of flight,used in modified law(sec) 

time (sec) 

time scale for IMLJ/radar/spacecraft computer calculations (sec) 

tk - tk-1 
time scale for "real world" calculations (sec) 

inertial velocity (ft/sec), also forms one axis of (7, N) 
coordinate system (See Figure 6) 

inertial horizontal velocity component determined from navigation 
loop (computation call also use both radar and inertial inputs) 

horizontal velocity compcnent. determined from radar and including 
platform angle error. 

inertial seleiocentric rectangular coordinates such that z-axis 
lies along initial radius to LEM and the x-axis 90" clockwise 
to the z-axis. The plane of x, z is determined by the initial 
LEM and target position vectors (ft) (see figure 4) 

the target coordinates with respect to LEM local horizontal and 
vertical components, respectively (ft), (See figure 6) 

LED- 540-1 5 REPORT 3RM G329 REV 1 8.64 

Contract No. NAS 9 - l l O O  
Primary No. 663 

24 November 1964 

G R U M M A N  A I R ~ A F T  E N G I N E E R I N G  C O R P O R A T I O N  
CODE 26512 



APPENDIX A (Cont'd) 

SYMBOL D3FiBITION 

oc 
OCT 

0 

s, 

actual change in velocity component due to thrust 

sensed change in velocity compo2ent due to thrust 

angular orientation of -Jelocity vector with respect to 
command $bnst acceleration (See Figure 6) 

inclination of lunar surface with respect to local 
horizontal at target 

flight path angle measured. to LEM local horizontal (see 
Figure 4) 

attitude angle measured with respect to LEM local 
horizontal (see Figure 4) 

approximate maxim-m pitch rate calculated between 
simulation computer sampling instants based on 2nd order 
linear system 

platform pitch angle measured from inertial reference x- 
axis to platform x-axis in the CW direction. The presence 
of this angle will introduce a measurement error in the 
inertial and radar systems 

3 2  lunar gravitational constant (ft /see ) 

time constant for main engine (sec) 

central angle measured with respect to z-axis (see Figure 4) 

central angle betwee2 instantaneous LEM position and 
target (see Figure 4) 

LOS angle measured with respect to L E M  local horizontal 
(see Figure 6) 

damped natural freqcency of RSS loop 
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Unless otherwi 

a 

C 

G 

M 

MC 

T 

X 

Z 

0 

R 

H 

S 

- SUBSCRIPTS AND SUPERSCRIPTS 

noted a subscript is indicated 

actual value 

commanded value 

with respect to lunar surface 

measured or compxted value 

transformed and corrected value 

with respect to target 

component associated with inertial x-axis 

Component associated with inertial z-axis 

initial value 

from radar 

horizontal component 

sensed value 

Lack of a subscript generally indicates a parameter associated with the 
LEM vehicle. 

A dot ( ' )  above a variable indicates differentiation with respect to 
time . 
*( superscript ) radar determination excluding radar error but including 

iiertial measurement errors. 

+*( s-qerscrigt) mzst recent calciiktion of the variable (with no averaging) 
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